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AUTHOR'S PREFACE 

■■ TO . 

THE FIRST EDITION. 



The following Lectures were delivered in the 
spring of 1843, before the Members of the 
Pharmaceutical Society of Great Britain, 
and are now in course of publication in the 
Pharmaceutical Journal. The substance of 
them has formed, for some years past, a portion 
of the Annual Course on Chemistry, delivered 
in the Medical School of the London 
Hospital. 

To the undermentioned eminent philoso- 
phers the author has been principally indebted 
for the information contained in the following 
pages : 

Sir Isaac Newton. — Opticks ; or, a Treatise 
of the Reflections, Refractions, Inflections, and 
Colours of Light. 

Dr. Thomas Young. — A Course of Lectures 
on Natural Philosophy and the Mechanical 
Arts. 
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Sir D. Brewster. — Various papers in the 
Transactions of the Royal Societies of London 
and Edinburgh, Also two numbers on the 
Double Refraction and Polarization of Light, 
published under the superintendence of the 
Society for the Diffusion of Useful Knowledge. 
Likewise, a Treatise on Optics, in Lardner's 
Cyclopaedia, and the article "Optics" in the 
Encyclopaedia Britannica, 7th edition. 

Fresnel. — Elementary View of the Undula- 
tory Theory of Light, in the Quarterly Journal 
of Science for 1827, 1828, 1829, translated and 
annotated by Dr. Thomas Young. Also various 
papers in the Annales de Chimie et de Physique, 
tikewise, Extrait du Bulletin de la Soci6te Phi- 
lomatique, D^cembre, 1822, andFevrier, 1823. 

Sir /. HerscheL — Article " Light," in the 
Encyclopaedia Metropolitana. Also, Transac- 
tions of the Cambridge Philosophical Society, 
and Philosophical Transactions. 

BioL — Various papers in the M^moires de 
I'Academie Royale des Sciences, and in the 
Annales de Chimie et de Physique. 

Airy. — Mathematical Tracts. 2d edit. 1831. 
Also, Transactions of the Cambridge Philoso- 
phical Society. 
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PouiUeL — El&nens de Physique Expdri- 
mentale et de Meteorologie, 2 vols. 1827. 

Peclet. — Tiraite Elementaiie de Physique. 
2« ed. 2 vols. 1830. 

Quetelet. — Notes to the French Transla- 
tion of HerschePs Article on Light. Also, 
Positions de Physique. 18S4. 

Lloyd 9 Rev. H. — Report on the Progress 
and Present State of Physical Optics, in the 
Report of the Fourth Meeting of the British 
Association. 1835. Also, Lectures on the 
Wave Theory of Light 1 841 . 

Powell^ Rev. Professor. — Elementary Trea- 
tise on Experimental and Mathematical Optics. 
1833. Also, a General and Elementary View 
of the Undulatory Theory, as applied to the 
Dispersion of Light. 1841. Likewise, various 
papers in the Philosophical Magazine and 
Philosophical Transactions. 

Itosef Gustav. — Elemente der Ejrystallo- 
graphie. 2*«- Aufl. 1838. (A French trans- 
lation of the 1st edition of this work.) 

Dove, — On the Circular Polarization of 
Light : translated in Taylor's Scientific Me- 
moirs, vol. i. 

Souheiran. — Journal de Pbarmacie. 18i2. 
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Ventzhe. — Annab of Chemistry, Decem- 
ber, 1842. 

The author takes this opportunity of offering 
his warmest thanks to his friend, Mr. Wood- 
ward, for his valuable assistance and advice on 
many occasions, in the performance of experi- 
ments on Polarized Light ; as well as for the 
loan of various pieces of apparatus, contrived 
and adapted by Mr. Woodward, for the public 
illustration of the phenomena of Polarized 
Light. 

To Mr. Darker, optician and manufacturer 
of polarizing apparatus, of Paradise Street, 
Lambeth, the thanks of the author are also 
justly due, for his disinterested zeal, skill, and 
attention in promoting the objects of the au- 
thor in the preparation of the present course of 
Lectures. 

J. P. 

47. FiNSBUBT Squabe, 
September^ 1843.- 
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In November, 1853, I received a communica- 
tion from the widov^ of the late Dr.PEREiRA, 
mentioning that a new edition of his Lectures on 
Polarized Light was called for, and requesting 
me to undertake the office of Editor, and at 
the same time informing me that the Author 
had left numerous notes and additions prepara- 
tory to a new edition of his work. 

The Publishers having concurred in this 
proposal, the materials were placed in my hands, 
with ample discretion as to the use of them, 
and for making such other alterations or addi- 
tions as might appear to me calculated to fur- 
ther the proposed object of the work, viz. : to 
give not an abstruse and scientific discussion 
of the subject, but the most elementary, popu- 
lar, and explanatory view possible. 

In endeavouring to carry this design into 
effect, I have felt it proper to deviate as little 
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as possible from the existing form and charac- 
ter of the work. The style adopted by the 
author is that of familiar explanation adapted 
to a spoken Lecture rather than to a written 
work: but I have throughout retained it, as 
well suited to elementary illustration. In 
some few parts I have ventured to omit a sen- 
tence or paragraph, when it seemed to me of 
questionable utility; and have in a few places 
altered modes of expression which appeared 
likely to lead to ambiguity or error, or to in- 
volve conjectural speculations open to doubt. 
The additions contemplated by the author him- 
self are of considerable extent : they were 
mostly written in the form of detached frag- 
ments, which I have attempted uniformly to 
incorporate with the text ; and often in mere 
notes or memoranda, which I have moulded 
into sentences. 

As to the arrangement of the subjects, 
though in some respects not exactly what I 
should have chosen, yet presuming it to have 
been the best adapted for the particular objects 
the author had more immediately in view, I have 
retained it unchanged, except only in two in- 
stances: 1st, the restoration of the Section 
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on "Macled Crystals," to what seemed its 
more natural position after the general view 
of the different crjstallographic systems ; and 
2ndly, the removal of the entire general dis- 
cussion of circularly and elliptically polarized 
light from the Lecture on " Rotatory Polariz- 
ation," to its proper place in immediate con- 
nection with the rest of the theory of polariza- 
tion on^ the principle of imdulations, — where 
in fact the author had commenced some exa- 
mination of it, but had left it incomplete in 
that place, to go into its details in a subsequent 
Lecture in connection with the rotatory pro- 
perties of quartz and other substances. This 
property indeed had been included under the 
common title of "Circular Polarization," by 
other writers, to the no small confusion of the 
subject, and probable perplexity of the stu- 
dent: I have, therefore, made this discussion 
of so remarkable an application of the theory of 
circular polarization to stand quite distinct 
from its principles under the far preferable 
title of " Rotatory Polarization." 

By this change I must confess the due pro- 
portions of the several Lectures are somewhat 
impaired; but I conceive that, however im- 
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portant in the delivery of lectures, in a work 
for reading this will be of little consequence, 
in comparison with the greater facilities thus 
afforded to the student in point of clearness of 
conception, and due arrangement of the de- 
ductions. 

In many instances I have annexed addi-< 
tional remarks and illustrations of my own. 
These seemed to be in some instances called for 
when some point was left in obscurity, on 
which I conceived the student might find fur- 
ther information desirable, or where more 
recent discoveries had led to modifications of 
previous views. In these illustrations, I have 
studiously adhered to the rule of simplicity 
and brevity : I have, however, been carefiil to 
refer the reader to the sources of full informa- 
tion. Among such illustrations I have men- 
tioned one or two of an experimental kind, 
and of which I believe no account has hitherto 
been published. All such additions are dis- 
tinguished from those made by the author, by 
being enclosed in brackets []. On the whole, 
I trust it may be found that I have carefully 
adhered to the professed design of rendering 
the work more extensively useful for popular 



editor's preface. XV 



reading, and elementary instruction, without 
extending it to too great a length or to topics 
of too abstruse a kind; and subject to the 
especial restriction that it was designed for 
readers not versed in mathematics. 

It may be right to add that the Lecture on 
the Microscope, appended to this volume, was 
left by the author in an obviously unfinished 
state ; yet I did not feel at liberty to omit it, 
though certainly some explanation is due to 
the reader for its apparent imperfections, — as 
well as to the more scientific, for its extremely 
elementary character. This, however, VTill 
probably form no ground of complaint to the 
many : and the author no doubt judged 
soundly in affording even such rudimentary 
instruction to great numbers who are inter- 
ested in the use of the Microscope and the 
contemplation of the wonders which it brings 
to light. 
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It is not here intended, and indeed would be alto- 
gether out of place, to offer any detailed memoir 
of the Author of the following work: but his 
readers may be interested in possessing some slight 
record of his labours ; especially with reference to 
the circumstances under which these Lectures were 
delivered. In drawing up this very slight sketch, 
the Editor has availed himself of several memoirs 
in different journals : and for information on several 
points, begs to acknowledge his obligations to Dr. 
Shakpet, Sec. R.S., Prof. Redwood, Jacob Bell, 
Esq., and E. W. Bratlet, Esq. 

Jonathan Pereira (descended from a Portuguese 
family, his father having settled in London for 
commercial business) was bom May 22. 1804. 
Receiving only an ordinary school education, he 
was apprenticed at fifteen (1819) to a medical prac- 
titioner, but quitted the situation in three years, 
owing to his principal becoming insane. During this 

period of leisure, as indeed all along, he diligently 

a 
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•eux^l ;ik!ll ^n^^VMt »?4hi«i of impTOTcment ; and now 
•neiul^sl Wuiwct »l ilie AUer^sTJue Street Dispen- 
^jU'Y AU\) Si. lvjUihvxK>s&ev^$ lIoisptaL In 1823, he 
\va* ii|>jH^a\lxsl AiviiKV^rr to tise former institution 
Mud in 1.^3 Lcs^XttTv^r oii Obeaaisirr there. In this 
^ium(UM\ ho pwW^^J^hevl $ev^rjdeleaieaiMy works for 
th<> «i;^«l)in\v v^C $iu\)e^;:k In the sime year he 
ohij^iutxi hU \hpUvsx\A tVvxiu th1^ Ov»lIe§e oi Surgeons, 
mul iu IS^^S >x*ii eUvtod Follow of the Linnsean 

« 
UU rhouuOsHl L^vuirosi wor>t> v>f a more scientific 

kuul than Uuv^ u^uaUy ^ivon in the Dispensary; 

tho i)ulotut));;ftMt;k iiuUi^irv and led with which he 

tiUU^wo\l Mp ovorv ri'^'^roh cv>nneoted with the suh- 

jtHM of hii» l,<H'nm\s* w** more strikingly evinced hy 

hi« :umull^uoou$)y taking lo$$ons in the French and 

O^^rmAU lu«g«a$io*» K> onaWo him the better to avail 

himself of tho lAlx>urs of tlio continental chemists. 

Iu 1832 ho resigned the office of Apothecary to 
tho Dispensary, and received from the Governors 
a handsome testimonial to his valued services. In 
the same year he commenced general practice, took 
a house in Aldersgate Street, and married. 

In the winter of 1832-3, he succeeded Dr. Gordon, 
as Lecturer on Chemistry at the London Hospital, 
and at the same time joined the new Medical School 
in Aldersgate Street, as Professor of Materia ]^f edica. 
Here so great was the influx of pupils, as at length 

render it necessary to build a new theatre for 
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their reception — an undertaking which he spiritedly- 
carried through at his own expense. These Lec- 
tures, conducted on a scientific and extended plan, 
may be considered as having laid the basis of his 
reputation. They attracted the attention not only 
of students, but of practitioners ; and at the request 
of the editor of the London Medical Gazette^ the 
substance of them was in the first instance pub- 
lished in successive numbers of that journal in 
1835-7, but subsequently he recomposed them with 
greater care, and in 1839 published the first volume 
of his great work, " The Elements of Materia Medica 
and Therapeutics ;" a portion of the second volume 
appeared in 1840. And by the general testimony of 
the profession it has been recognised as a standard 
book. There was a speedy call for a second edition, 
and the work was also translated into German and 
other languages. 

Some time after he was asked to accept the chair 
of Chemistry and Materia Medica at St. Bartholo- 
mew's Hospital, but as some deviation from strict 
rule would have been involved, to which his scru- 
pulously honourable feelings could not consent, he 
at length declined the situation. 

Notwithstanding his success in the Aldersgate 
Street School, he was, however, soon led to resign 
its duties, and in 1840 had determined on quitting 
London for two years, with the intention of gra- 
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doatmg in one of die Scotti^ ITniTecsdes. Thia 
intoitioii, iMwer^v ins svpersetied oa m Tscancj 
occmrii^ in thec^kx of A^stant-FhTacian to the 
Jjondoa Ho^Htid, for wiiidi he ins induced to be- 
ccKiie m candidate. Bat fiar this porpoee it was 
neccs^rj to obtain the ficence of the College of 
Physicians ; — and this too with hardlj anj time to 
prepare for the requisite exaininatioii. Here, how- 
eTer, the extra<»dinarj Tigonr of Mr. Pereira's 
mind triumphed over ererr obstacle ; and with his 
already high attainments and unremitting labour, 
in the space of little more than a week, he so amplj 
qualified himself as to pass with the highest credit. 
He soon after received the diploma of M. D. from 
the University of Erlangen : — and in March, 1841, 
obtained the appointment at the London Hospital 
without any contest. 

In 1839, he had been elected a Fellow of the 
Eoyal Society, and in the same year, on the incor- 
poration of the London University, his recognised 
merits secured him the appointment of Examiner in 
Materia Medica and Pharmacy; and his practice 
having largely increased, he removed to a house 
in Finsbury Square. His increasing avocations 
at length induced him to resign a portion of the 
labours of his chemical lectures at the Hospital, and 
ev(}ntually the whole of them, in 1846. 

Having joined the Pharmaceutical Society, he 
lectured to that body on articles of food ; and 
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in 1843 published the substance of these Lec- 
tures in a separate work on ''food and diet," which 
has been characterised, by competent medical 
authority, as one of the most able and philoso- 
phical treatises on the subject : and about this time, 
besides large contributions to the Pharmaceutical 
Journal and other professional periodicals, he was 
much and actively engaged in the promotion of 
various institutions for the diffusion of knowledge, 
especially the City of London Literary and Scien- 
tific Institution. 

Li the same year he became Professor of Materia 
Medica to the Pharmaceutical Society, and was in- 
defatigable in researches into the nature, history, 
origin, and chemical composition of the various 
substances employed as drugs, contributing many 
papers on these subjects to various journals. 

Dr. Pereira was of an eminently inquiring and 
comprehensive turn of mind, and with persevering 
industry followed up whatever subject he under- 
took. Devoted in the main to objects strictly pro- 
fessional, he yet occasionally diverged into collateral 
topics, though chiefly only where they had some 
bearing on the more pressing requirements of pi*o- 
fessional study. It was in this point of view that 
he appears to have taken up the study of crystal- 
lography, and more especially that of Light. The 
former, in its close and natural connexion with 
chemistry, would directly interest a mind engaged 

a 3 
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in chemical researches, and might in conaeqiience 
be regarded as having some direct bearing on 
medicine. The latter subject, indeed, might seem 
at first sight entirety remote firom all snch appli- 
cation ; jet there is one point in which it presents 
a singular and unexpected relati<»i to medical 
science, Tiz., in the peculiar modification impressed 
on polarized light bj certain floids, both chemical 
and organic, and especially under certain morbid 
conditions of the latter. And in general, the re* 
lations of polarized light to the molecular structure 
of bodies, especially of organic substances, present 
many topics of physiological interest. 

But independently of such applications, doubt- 
less to a man of Dr. Pereira's enlarged views, it 
must have appeared that there is no branch of 
liberal science really alien to the highest education 
even of a strictly professional kind ; and it was no 
doubt under this impression that he introduced 
considerable notice of these subjects into his Lee- 
turcs at the London Hospital, in connexion with 
chemistry. This applies to several years previous 
to 1843. Indeed, at an earlier period. Dr. Pereira 
had given much attention to the subject. 

In 1838, he was in correspondence with the 
writer of this notice, and, at a subsequent period, 
with several philosophers of high eminence, on the 
subject of Light ; and in the spring of 1843, he 
delivered a course of Lectures on Polarized Light, 
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prefaced bj'a short account of optics in general, 
and including a compendious view of ciystallo- 
graphy, before the members of the Pharmaceutical 
Society. 

The substance of these Lectures was published in 
the Pharmaceutical Joumal, and reprinted thence 
in a separate Yolume in the same year, and the 
course was repeated in subsequent seasons. 

At the period of the author's death, a copy of 
this work was found interleaved with numerous 
MS. notes, additions, and illutrations ; besides vari- 
ous memoranda, &c. On one of these occurs the 
date, October, 184'4, which it is probable, refers to 
an enlarged course delivered in the School of the 
London Hospital. 

Recognising the essential use of the microscope 
in medical researches, he gave, in 1850 or 1851, an 
elementary Lecture on the construction and use of 
that instrument to the Pharmaceutical Society : of 
this Lecture only some rough MS. notes have been 
preserved. They are appended to the present 
volume. 

He was elected Fellow of the College of Physi- 
cians in 1845, and soon after Curator of its Mu- 
seum ; and in 1849 commenced the third edition 
of his "Elements, &c.," in which year the first 
volame appeared, and the first part of the second 
in 1850. He was occupied in completing this 
great work up to the period of his death. 
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In 1851, becoming full Physician to the London 
Hospital, he resigned the chair of Materia Medica, 
but gave a few clinical Lectures in that institution. 
In December, 1852, while examining some prepara- 
tions in the Museum of the College of Surgeons, he 
fell on a stone staircase, and injured a muscle of both 
thighs, so as to render him incapable of moving with- 
out assistance; and though confined to his room, it has 
been a point of much doubt, whether it was in any 
way connected with this accident, that on January 
20, 1853, suddenly feeling pain, he exclaimed, " I 
have ruptured a vessel of the heart," and within 
half an hour expired, in the forty-ninth year of 
his age. His remains were interred in the cemetery 
at Kensall Green^ amid a concourse of friends and 
pupils. 

Of Dr. Pereira's high professional merits and 
personal character, it would be out of place here 
to speak. They have been amply recognised in the 
various journals dedicated to that profession of 
which he was so great an ornament. But it is in a 
subject like that of the following work, l}^ng out of 
the direct line of his profession, and in the zeal and 
ability with which he mastered its details, so as to 
enable himself to become a most efficient and po- 
pular instructor of others, that we more signally 
recognise the activity and power of mind which 
was so conspicuous a characteristic of his intellec- 
tual constitution. 
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LECTURE I. 

I HAVE been led to undertake the delivery of the 
following lectures on the Phenomena of Pola- 
rized Light, in the belief that their singularity, 
variety, splendour, and useful applicability will 
create great and universal interest in the minds 
of my auditors, whatever be their pursuits, oc- 
cupations, or acquirements. 

I am acquainted with no branch of experi- 
mental philosophy capable of presenting such 
brilliant and gorgeous phenomena, and which 
are so well adapted for illustration in the 
lecture-room, as polarized light. In its power 
of unfolding to our view the intimate structure 
and constitution of natural bodies, it certainly 
has no superior, if indeed it have any equal. 
It furnishes us with characters for recognising 
and distinguishing many bodies ; and it gives 

B 
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US the means of determining the nature of the 
changes going on in some of the recondite 
operations of nature. It is a subject whose 
phenomena are so complicated and intricate, 
that it not only admits of, but actually re- 
quires the highest departments of mathematics 
to elucidate them ; and it is therefore very 
properly placed in the very first rank of the 
physico-mathematical sciences. 

But in all societies and associations, the 
lovers of knowledge are of two . kinds, philo- 
sophers and utilitarians. The first pursue 
science for its own sake ; the second, for its 
usefulness. With the latter, every step they 
take in the acquirement of knowledge is accom- 
panied with the question " cui bono f" With 
such, all scientific researches which have no 
immediately practical bearing, which, accord- 
ing to their narrow views, cannot be at once 
shown to be uLsefuly are neglected, perhaps even 
sneered at. Though with such I profess to 
hold no community of feeling, yet, as I am 
desirous of combining in these lectures the 
utile with the dulce, I think I can venture to 
hold out to them ample remuneration for the 
time they may devote to the study of polarized 
light by attending these lectures. 

If I can show them that this agent furnishes 
us with a more intimate knowledge of the 
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nature and properties of many substances ; if 
I can demonstrate its applicability to the de- 
tection of adulteration of foods, drugs, and 
chemicals ; if I can point out its application 
to the determination of the commercial value 
of saccharine juices; if I show how it has 
been applied to determine the nature of the 
changes which occur in certain chemical and 
vital processes, in which ordinary chemical ana- 
lysis completely fails us ; if I prove that it may 
aid members of my own profession in detecting 
the existence of certain diseases ; and, lastly, if 
we show the possibility of its use to the mariner, 
in aiding him, under certain circumstances, to 
avoid shoals and rocks-^-I trust even the utilita- 
rians will admit that the study of polarized light 
is both advantageous and profitable, and that 
our time has not been unprofitably occupied ^ 
by these lectures. 

These are only a portion of the valuable and 
practical uses of which polarized light is sus- 
ceptible. Its phenomena are so intricate, and 
at present so little understood by the public, 
that a very large number of persons who might 
otherwise, perhaps, beneficially avail themselves 
of its services, are ignorant alike of its powers 
and of its uses. We may therefore hope that, 
when it becomes better known, it will be found 

more extensively useful. 

b2 
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Common and polarized light agree in several 
of their leading properties ; and though these 
lectures are intended to illustrate the pecu- 
liarities of polarized light, yet, before we can 
prove what is peculiar •to the one, we must be 
acquainted with the general properties of the 
other ; and thus, I conceive, I must introduce 
polarized light to your notice by a preKminary 
general view of the physical properties of light. 

Moreover, the phenomena of polarized light 
are so numerous, various, and intricate, that 
the student is very apt to become bewildered 
with an immense multitude of facts, and to 
forget, if indeed he ever knew, the conditions 
which are requisite for the production of each 
phenomenon. Hence, then, it becomes de- 
sirable that we should give him some artificial 
aid to assist in the conception of facts and the 
modes of observing them, as well as to show 
him how these manifold phenomena are mu- 
tually connected and dependent. We require, 
in fact, some means of generalisation. Such 
will be found, I think, in the undulatory hypo- 
thesis of light. 

With regard to the former of these ob- 
jects, we will first observe that, by. the 
term " light " we understand the cause of 
vision, or that which enables bodies to ma- 
nifest themselves to us through the eye. 
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This implies some agent or influence ema- 
nating from those bodies which are self- 
luminous, and by means of which other bodies 
not luminous are rendered visible. Etymo- 
logically from pa^, light, referring more ob- 
jectively to the cause of vision, we derive the 
terms Photometry, Photology, Photography; 
speaking more subjectively, we have Optics, 
from (MTTO), I see. To tliis wonderful agent, 
combined with the beautiful adaptation of our 
organs to it, we owe the enjoyment of that 
most useful and important function of our daily 
existence by which we become acquainted with 
the forms J colours j positions^ and motions of 
bodies, so essential to all our active employ- 
ments. It improves and facilitates our inter- 
course with our fellow-creatures, and is a 
powerful auxiliary to the proper performance 
of the other senses. When we aid this sense 
by the instruments with which science has fur- 
nished us, it leads us to the contemplation of 
two kinds of infinity which would otherwise 
have remained unknown, — infinite minuteness 
in animalculas and innumerable other objects 
imperceptible on account of that minuteness; 
and infinite magnitude evinced in the celestial 
bodies, invisible by reason of their remoteness : 
thus opening to natural history a new field, 

to astronomy a new heaven, and inviting and 
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enabling us successfully to contemplate the 
universe of the poet, 

" Without bound, 
Without dimensions, where length, breadth, and height, 
And time and place, are lost." 

And, by way of a more precise illustration of 
these remarks, we may notice that we are 
enabled, on the one hand, to measure spaces 

less than jjjs^ishu^oTiis^^ ^^ ^^ inch; and, on 
the other, to penetrate distances extending to 
millions of miles, such as those of the planets 
and some fixed stars which are susceptible of 
exact determination ; and to yet more incon- 
ceivably immense depths of space in those 
remoter stars and nebulous worlds beyond all 
reach of measurement. 

With regard to the second point referred to, 
before I proceed to state the properties of light, 
I think it right to allude, in general terms, to 
the chief hypotheses or theories which have 
been proposed to explain its phenomena. 

1. The Newtonian hypothesis, or the pro- 
jectile or emission theory, was started when our 
knowledge of the facts was but in its infancy, 
and has but a very limited application to them. 
It supposes light to consist of small particles 
which are constantly emitted from luminous 
bodies, and which move in straight lines. These 
particles enter the eye and impinge on the 
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retina. By this means some peculiar effect is 
produced, which being transmitted along the 
optic nerve to the brain, gives us the sensation 
of light. The particles vary in size, those 
producing red being the largest, while violet is 
produced by the smallest. 

2, The wave or undulatory hypothesis, origi- 
nally adopted in a very crude form by Huygens, 
Descartes, and Hooke, was in later times re- 
duced to more accurate principles by Young, 
and more fully developed by Fresnel and his 
successors. In this country, Herschel, Airy, 
Lloyd, Powell, and M'Cullagh have greatly 
contributed to its advancement and adoption. 

It accounts for the phenomena of light by 
referring them to waves of an imaginary fluid 
called ether, as sound is referable to waves of 
ponderable matter, and especially of the air. 
The difference of colour depends on differences 
in the length of the waves : red is produced by 
the longest, violet by the shortest. 

The vibrations of this ether being commu- 
nicated to the retina, excite an effect which is 
propagated along the optic nerve to the brain. 
On this theory, then, nothing enters the eye. 
But the motion of the ether without the eye 
is propagated to the ether within the eye : the 
latter affects the retina. On the projectile 

theory, something is assumed to leave the 
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luminous body, to travel with almost incal- 
culable velocity, and to enter the eye like a 
shot from a musket or cannon. 

These general observations on the two most 
celebrated theories or hypotheses are all that 
at present it will be necessary to bring before 
you. Hereafter we shall enter more fully into 
the subject. 

Whichever theory we adopt, we must as- 
sume in all our reasonings that light consists 
of separable and independent parts. This pro- 
perty of light is readily established by familiar 
experience. Any portion of light may be in- 
tercepted by an opaque obstacle, and the rest 
allowed to pass ; and this latter part is never 
found to be affected in any way by its separa- 
tion from that which is intercepted. The 
smallest portion of light which we can thus 
intercept or allow to pass, is called a ray. 
(Lloyd, On Light and Vision, 1. and 2.) 

I will now proceed to enumerate the chief 
particulars which constitute the peculiar cha- 
racteristics of light. 

I. The Propagation of Light, — light emanates, 

radiates, or is propagated in straight lines, 

FigA. as is familiarly 

proved by mak- 

ing holes in 

three disks^ 
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which must lie in one straight line for light to 
pass through them. 

The straight lines, or the directions in which 
light is propagated, are called the rays of 
light : any sensible portion of light must con- 
tain an infinity of rays^ which when parallel 
are often called a beam of light. So a bundle 
of converging or diverging rays is called a 
pencil: but this last term is also frequently 
applied as well to parallel rays. 

The propagation of light takes place with 
inconceivable rapidity : 

At the 1 per sec. permin. per hour, 

rate of J ^^^ 192,500 x 60= 11,550,000 x 60 = 693,000,000. 

This has been ascertained in two ways : — 

1st. By Eclipses of Jupiter* s Satellites. In 
1676 Roemer, a Danish astronomer, observed, 
that the eclipses took place too soon at one 
season when Jupiter was nearest to the earth, 
and too late at another season when he was 
farthest off. The difference of time was 16' 
26'^' 6^^\ This he inferred was the time light 
took to travel across the earth's orbit, a dis- 
tance of 190,000,000 miles. 

According to Struve, the velocity of light is 
191,077 miles [166,072^ geographical miles] per 
second. (Humboldt.) 

2dly. From the Aberration of Light. This 
is a small apparent deviation of the fixed stars. 
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by whicb they sometimes appear SO" distant 
from their tme situaiion. The cause of it was 
first explained by Dr. Bradley in 1747, thoagh 
he discovered the fact in 17iJ7. It depends on 
the comhined progressive motion of light and 
the earth's annual motion in its orbit. - 

The nature of this effect may be illustrated 
by the instance of a shower of rain falUng per- 
pendicularly on a man standing still, and on 
another running forward ; the latter of whom 
receives the drops striking agaitut his face, 
though they actually fall truly perpendicularly. 
And the cause of this will be explained if we 
consider the case of a ball idling on the open 
mouth of an inclined tube at rest, when it 
would simply strike against the lower inner 
Fig. 3. surface : and then suppose the 

tube at the same inclination 
carried forward at a proper 
rate, when the ball will de- 
scend to the bottom of it ; 
the telescope and the e^e be- 
ing represented by this tube, 
moving forward along with 
the earth. 

This method gives 191,515 
miles per second as the ve- 
locity of light, and is preferred by the best 
astronomers, as more accurate than the former. 
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By way of illustrations of the velocity of light 
compared to the velocity of other bodies, we may 
take the following instances : — 

1. Railway carriages. These travel at from 
30 to 40, or even at 60 miles the hour. Take 
the latter, the maximum speed. At 60 miles 
an hour, a railway carriage would require 
above 180 years to reach the sun ; light accom- 
plishes the distance in 8 minutes and 13 seconds. 

2. Cannon halls. A cannon ball would re- 
quire 17 years at least, to reach the sun, 
supposing its velocity to continue uniform from 
the moment of its discharge. {Herscheh) 

3. The pendulum. Light would travel eight 
times round the earth during a single beat of a 
common pendulum. 

4. The planet Mercury moves in its orbit 
with a velocity of 30 miles per second ; light tra- 
vels with more than 6000 times that velocity. 

TIME OCCUPIED BY LIGHT IN TBATERSING THE HEAVENS 
AND TBAYEIiLING FROM THE HEAYENIiY BODIES TO US. 

Time required for Light to travel to us from the — 
Moon - - - - about 1^ second. 

Sun - - - - 8 minutes, 13 sec. 

Georgium Sidus - - - about 2J hours. 



Fixed stars of ascer- 
tained distances - ' 



] . a Centauri 3 years. 1 / tt 
2.6lCygni.9iyears.U£-- 
3. o Lyrae -12 years. J ^ 

Sir W. Herschers remotest nebulae 2,000,000 yrs. ( W, 

Herschel.) 
Until very recently, the distances of the fixed stars 
were entirely unknown to us ; at present, those only 
of a few of the nearest have been measured. 
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'I'lic cttlciilntioii!) of the probable times* 

(juirod t'oi' li{tbt tu travel from these bodies to 
UN, nrc ntiiioiit uverwhrlming in their results. 
CoimiittT for n few moments some of the coii- 
■pr|U(>liC('R of tho facts we thus ascertain : — 

III. When we roiitciii{>iate, on a clear night, 
tho lionvi'iil^ VAutt, ilie phenomena which pre- 
■Piit thcmvtilves to our notice belong to past 
llliip" of most uiK>({nn! distance from us ; from 
1 1 .ccoml (that of the moon) to 2,000,000 
of yonrs (thnt of the remotest nebulEG visible 
hy llio nid of a telescope). We contemplate 
im it woi'o nil historical chart, in which events 
tlio inu«t dintnnt in point of time are grouped 
«ldti by Rido, and presented to our notice at 
ihti Hnmt! iustftiU. Tho lights issuing from the 
licnvenly bodiea, and traversing cosmical space, 
" reiiich u* as voices of the pest." 

Sndly, Many of the celestial bodies which 
tlio aatroiionier is now calmlj contemplating, 
may have ceased to exist ages ago ; in fact, 
3ong before they become visible to our eyes. 

I The Georgium Sidus would be visible to us 
for more than two hours after its existence 

I had ceased, while Herschel's nebula; would be 

I perceptible for two millions of years after their 

[ destruction ! 

Srdly. The heavenly bodies which become 
'ely known to the astronomer as fresh 
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discoveries, may have had a successive origin 
in the heavens thousands of years ago, but 
only now have become visible to us by the 
arrival of light after its prolonged journey from 
the newly formed cosmical body to us. 

4thly. Light, probably, furnishes us with the 
best evidence we can obtain of the gfeat age of 
matter. Human historical records of our earth 
do not extend further back than 5000 or 6000 
years. The geologist gives us proof that the 
age of the earth is, in fact, much beyond this, 
but does not furnish us with facts on which we 
can venture to guess even at the distance of 
time which has intervened between different 
geological epochs. But when we survey the 
starry heavens, our telescopes penetrate not 
merely space, but time. They reveal to us 
ancient bodies and phenomena, whose age they 
enable us also to estimate ; and thus we arrive 
at the conclusion that " the light of the most 
distant cosmical bodies offers us the oldest 
sensible evidence of the existence of matter." 

II. Variation of Intensity, — The intensity of 
light decreases as the square of the distance 
increases : at twice the distance, it has only ^ 
of the intensity, at thrice the distance ^ the in- 
tensity, at four times the distance ^^r of the 
intensity, and so on. 

The reason of this is, that emanating equally 
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in all directions from any point, it illuminates 
four times the space at twice the distance, nine 
times at thrice, and sixteen times at four times 
the distance ; hence, its intensity must be in- 
versely as the square of the distance. 

The law is aptly illustrated by a quadrangular 
pyramid supposed to be divided horizontally, 

at equal distances, 
into four parts or 
segments of equal 
height. The upper 
segmenthas a square 
base, whose area we 
shall call 1 ; the 
second segment has 
also a square base, 
but its area is 4; 
the area of the 
square base of the 
third segment is 9 ; 
and that of the 
lowest or fourth seg- 
ment, 16. Here 
the distances of the bases of the segments from 
the apex of the pyramid are as 1,2, 3, 4, while 
the areas of these bases are as 1, 4, 9, 16. 

The readiest demonstration of the law for the 
lecture-room is the following : — Let the light 
from a lantern pass out through a square aper- 
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tiire, and be received on a semi-transparent 
screen divided into square spaces. Notice at 
what distance the beam of light illuminates one 
of these squares ; at double the distance it 
will illuminate 4, at triple 9, at quadruple 16 
squares. 

In Photometry i we avail ourselves of this law. 
If two luminous bodies, at unequal distances, 
produce the same amount of illumination, the 
relative quantities of light evolved by these 
bodies are as the squares of the distances. 
Thus, if a lamp, at four feet distance, give as 
much light as a candle at one foot, the lamp 
actually evolves 16 times as much light as the 
candle. Count Rumford's photometrical pro- 
cess of observing at what distances two lights 
gave two shadows of equal intensities, as well 
as the photometers of the late Mr. Ritchie and 
of Professor Wheatstone, are on this principle. 
But all these modes of measuring light are ob- 
jectionable, since they are based on the imper- 
fect and varying judgment of the eye. 

Professor Wheatstone's photometer is a very 
ingenious contrivance. It is a cylindrical box, 
of about two inches diameter, and one inch in 
depth, and which contains a system of two 
wheels and pinions. On the face of the box, 
and near to its external border, is a circle of 
cogs. In the centre of the face is an axis, to 
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which is attached i 




horizontal arm, cai 

a toothed wheel 4 
disk, the teeth ^ 
which fit int 
cnira of the outer 
circle. This wheel 
lias a double mo- 
tion — it rotates on 

itso revolves with- 
in the cogged cir- 
cle To this disk 
WhEalstont s 1 Lotomatr '" attached a small, 

hollow, glass bead, 
silvered internally, and which moves with great 
rapidity backwards and forwards across the face 
of the cylinder. The motion is communicated 
by turning the handle on the opposite face of 
the box. If this photometer be placed between 
two lights, and the bead put in rapid motion, 
we observe two parallel luminous lines, about 
the jj^ of an inch apart. By adjusting the re- 
lative distances of the two lights from the pho- 
tometer, so that the brightness of the luminous 
lines may be equalized as determined by the 
eye, and then squaring the distances, their coi 
parative intensity may be ascertained. 

• Tliia instrument is made by Messrs. Watkins i 
Hill, of Ciiariog Cross. 
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III. Transparency andOpacity. — Somebodies 
allow light to penetrate them, as air, water, 
glass^ crystal, &c. These are called trans- 
parent bodies. Others, refuse to give pas- 
sage to light, as the metals. The latter are 
termed opake bodies. But some substances, 
which in the mass are opake, become trans- 
parent when reduced to thin films. Gold is an 
instance of this : in the lump it is opake, but 
as gold leaf it allows light to traverse it. 

IV. Reflection. — When a beam of light falls 
on a smooth-polished surface, a portion of it is 
reflected. The incident and the reflected ray 
make each the same angle with the reflecting 
surface, hence the law of reflection is, that the 
angles of incidence and reflection are equal. 
This law holds good under all circumstances, 
whether the reflector be plain or curve. The 
incident and reflected rays are also always in 
one and the same plane. 

Thus in {fig. 5.) drawing a perpendicular jp to 
the surface, i is the 
angle of incidence ; 
r is that of reflec- 
tion andi=rr. 

A polished me- 
tallic platCy as a 
speculum^ is a good 
reflector. Glass, 
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being transparent, refleetsbotli from its ante 
and posterior surface. Hence in some optical 
experiments, where it is desirable to avoid the 
confusion from a double reflection, the posterior 
surface of the glass is either ground, or black- 
ened by means of soot, candle-smoke, or size 
and lamp-black. This proceeding ia especially 
desirable in experiraenta on polarized light. 
Silvered glass, that is, glass covered ou the 
posterior surface by an amalgam of tin, as the 
common looking-glass, is not adapted for accu- 
rate optical experiments, on account of the re- 
flection from the metal aa well as from the 
glass. 

v. Refraction. — When a ray of light paasea 
obliquely out of one medium into another of a 
dilfereot kind, it changes its direction, or is 
bent out of its course ; in optical language, it 
is refracted. The different nature of bodies 
in this respect is usually characterised by 
density, but also by other conditions; among 
which combustibility is one; it was from the 
high refractive power of diamond that Newton 
boldly conjectured its inflammable nature. If 
the second medium be denser, or aa it is termed 
of higher refractive power, than the first, the 
xefraction is towards the perpendicular ; but if 
the density or refractive power of the second 
medium is less tlian that of the flrst, the re- 
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fraction is//ora the perpendicular: but always 
in the same plane. 

If the ray fall perpendicularly on the re- 
fracting surface, it suffers no change in its 
direction ; in other words, it undergoes no re- 
fraction. 

In most optical instruments in whicli re- 
fracting media are requiredj glass is employed, 

n the camera obscura, astronomical and 
terrestrial telescopes, microscopes, magic lan- 
terns, common spectacles, eyeglasses, &c. The 
oxyhydrt^en apparatus which I shall use in 

e lectures for illustrating the phenomena 
of polarized light, serves, when deprived of its 
polarizing part, for use as a microscope (oxyhy- 
drogen or gas microscope), the images of the 
objects being thrown on a screen. Used in 
this form, it is simply a refracting instrument. 
Its structure I shall hereafter explain. Quartz 
or rack crystal is used, under the name of 
SrazU pebble, as a refracting medium for spec- 
tacles, on account of its greater hardness, and 
its being less liable to scratch. The diamond 
and other precious gems have been occasionally 
used for microscopic lenses. Jewellers employ 
a ^lass globe filled with water, to concentrate 
the rays from the lamp which they use to work 
by. The water is generally coloured pale blue, 
to counteract the reddish yellow tint of the 
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sruScuJ light. Amber, wheo cut uid p 
is aometiincs used for spectacles. 

X have »lr«ad y stated, that ibe law of n 
Don, as regards the direcrioo of tbe reflei 
nj, is tb? satDe for k11 reflectui* media, 
the law of refraction is veij different, each > 
fracting mediuin having its own pecoUar acti 
on lighu 

\ variety of curioos and well tnown phra 
mcna result fmm the aneqnal refracting powi 
of different bodies, or of the same body in dif- 
ferent sXitX.cs of density. Thus the apparent 
tTOCikcdne.ss of a stick placed obliquely in 
wator; the difficulty of hilling a body, as a 
(ish, in water, when we late aa obiique aim ; 
the deception experienced in estiaiatii^ the 
<)epth of w«ter, except wben viewed perpendi- 
euUriy ; and the altered position of a body (as 
a piece of money) at the bottom of a basin, 
when viewed obliquely, first wben the basin 
conlAins no water, and afterwards when water 
has been put in ; — tbese, and many other phe- 
nomena, result from the greater refractive 
power of water than of air, and the consequent 
change of direction which the luminous rays 
suifer wben passing from one medium to the 
other. Again, the tremulous motions of bodies^ 
when viewed through an ascending current of 
heated air, and by which an excise-officer is 
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said to have, on one occasion, discovered a sub- 
terranean still in the Highlands of Scotland, 
result from the unequal refracting power of air 
in different states of density. 

[Light passes freely through air, which never- 
theless possesses an exceedingly small refractive 
power, sufficient however to be very sensible 
in altering the apparent places of the heavenly 
bodies when seen obliquely through the whole 
thickness of the atmosphere. 

The quantitative law of refraction is that, on 
passing out of a rarer into a denser or more 
refracting medium, '^ the sine of the angle of 
incidence is to that of refraction in an invari- 
able ratio for the same ray and the same 

medium ^ " this ratio is called the *^ refrac- 
tive index" or "refractive power" of that 
medium. Thus in 
the annexed dia- 
gram (Jiff. 6.), i is the 
angle of incidence, 
r that of refraction ; 
and imagining a cir- 
cle described about 
the point of inci- 
dence, a ^ is the sine 
of incidence, c d 
that of refraction. 

c 3 
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For water, if c<i = 1-000, 
then ah = 1-336; 
heace theindexof infraction for water is 1-336, 
&nd the general formula is sin. i= m sin. r, m 
being the index of refraction. 

This great law, the foundation of all optics, 
was discovered hy Snell, in 1619. 

The point where several rays cross after 
undergoing reflection or refraction, is termed a 
" focus." A lens ia usually a piece of glass, con- 
tained hy small portions of two spherical sur- 
faces, either convex or concave. 

If rays issue from one point, such as a small 
luminous ohject at a certain distance from a 
convex lens, they will, on heing refracted 
through it, converge to another point on the 
other side of it, whose distance is determined 
hy the distance of the first point, or origin, 
and the refractive power of the lens : two 
points so related are called " conjugate foci." 

If the rays come from a very distant object 
so that they are sensibly parallel, the focus to 
which they converge is called the principal 
focus. 

Generally, the focus will be nearer to the 
lens, or its focal distance shorter, as its sur- 
faces are more curved. But if we trace ac- 
curately the course of the rays, it is easily 
found that, though they converge very nearly to 
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one pointy they cannot do so accurately, those 
which pass nearest the centre of the lens will 
converge further off, and those towards the edges 
nearer. This difference is called the spherical 
aberration. (See^^r. 7.) This defect may be 




remedied by certain combinations of spherical 
surfaces of different radii. It is also materially 
diminished by limiting the area of the rays to 
the central portion by a " stop " or diaphragm, 
with a circular hole in the middle. In the 
eye the iris or pupil answers this purpose, 
also in the crystalline lens the aberration is 
counteracted by the remarkable provision that 
the central portion is more dense, and thus 
the different rays are more equally refracted.] 

VI. Dispersion. — If a ray of white light be 
made to traverse a refracting medium, or, in 
other words, to suffer refraction, it is found to 
have undergone a remarkable change — it is no 
longer perfectly white, but more or less co- 
loured. It is inferred, therefore, that white 

c 4 
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light is made up of coloured lights, and that 
these, being unequally refrangible, are sepa- 
rated, or, in optical language, are dispersed. 
In this way, a series of colours is obtained, 
which have been commonly distingi^ished into 
seven principal tints, viz. violet, indigo, blue, 
green, yellow, orange, and red. These are pro- 
cured by a triangular piece of glass, called a 
prism, in which the dispersion at the first sur- 
face is greatly increased on emergence at the 
second {see Jig. 8.) — the colours constituting the 

mg. 8. 




prismatic or solar spectrum. These colours re- 
sult from the decomposition, the analysis, or 
the dispersion of the white light of the sun. If 
we allow the oxyhydrogen lime-light to pass out 
of the lantern through a slit, and receive it on 
a prism, a very simUar spectrum is formed and 
may be thrown on the ceiling of the lecture- 
room, or on the screen before us. The light of 
a lamp or candle gives only a faint spectrum 
with a larger proportion of red. 



DISPERSION. 35 

To persons unacquainted with philosopliieal 
investigations, few facts seem more astonishing, 
and even improbahle, than that of white light 
being compounded of differently co/ow red lights. 
I shall, therefore, dwell for a. few minutes on 
this topic. 

Every one is familiar with the fact, that by 
mixture artificial colours are altered. Thus 
blue and yeilow form green ; red and yellow 
form orange; while blue, with different pro- 
portions of red, yields indigo or violet. 

It has hence been a speculation of some phi- 
losophers that of the so-called seven prismatic 
colours into which the prism decomposes white 
light, three only may be primitive, and four 
compounded. 

Red Orange 

Yellow Green 

Blue. Indigo 

Violet. 
[But this is at variance with the fact, that 
the more pure and the more perfectly dispersed 
the spectrum is, the more distinct are all the 
shades of colour, each of which must therefore 
be in itself a primitive tint, and not a com- 
pound of others. The fact is, the number of 
primary rays is not really seven, but infinite.] 
. If the seven prismalic colours be painted on 



a circular disk of card, in their proper propor- 

! tions, which is then made to rotate rapidly, the 

union of these colours on the retina gives us 

I an impression of greyish- white. 

I If we paint the three supposed primitive 

colours, viz., red, yellow, and hluo, on a similar 

disk, and cause this to revolve, we also obtMU 

I an impression of greyish white. But these plg- 

I ments are none of them pure prismatic tints. 

1 These experiments favour the notion, that 

the sensation of white light depends on the 

I simultaneous impression of differently coloured 

lights on the retina. [The simplest and most 

direct proof consists in this : if we take two 

equal and similar prisms of the same kind of 

glass, the ray of light which passes through the 

B fii-st of them is decomposed into colours, and if 

I these be now received on the 2nd prism placed 

lot 

[ un 



Fig. 9. 



inverted 




position, they will 
in that prism re- 
trace their course 
and be united 
again, and emerge 
in a ray of white light ; or in one word, if we 
look through such a combination, we see objects 
uncoloured ; yet we know that they must have 
become coloured in their passage.] Hence, 
white light is compound or heterogeneous light. 
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while the component prismatic colours are 
simple or homogeneous lights. Each of these 
may be termed a monochromatic light. 

It follows from this view of the subject, that 
two viixed colours mayjby their union or mix- 
ture, produce white light. Colours or tints which 
do this, are called complementary. 

Brewster's table of Complementary Tints. 
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duce white light A similar result (that is, the 
formation of white light) is also produced by 
the overlapping respectively of disks of indigo 
^.nd yellow, and of blue and orange. These 
colours are not identical with the pure red and 
green of the solar spectrum, they are obtained 
by a complicated process, the nature of which 
will be fully explained hereafter. 

Professor Henslow has some very interesting 
remarks on the Composition of colours^ &c., in 
Botany^ p. 195, et seq. 

Fig. 11. 




B. Blue 
2 B + R. Blueish purple or purplish blue. 

B + R. Purple. 
2 R + B. Reddish purple or purplish red. 

R. Red* 
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2i R + Y. Reddish orange or orange red. 

R+Y. Orange. 
2 Y+R. Yellowish orange or c»:ange yellow* 

Y. Yellow. 
2 Y+B. Greenish yellow or yellowish green. 

Y-f B. Green. 
2 B 4- Y. Bluish green. 

B-fR-}-Y=: White light with the colours of 
the spectrum. 

B-|-^R-}-Y=:N or neutral or grey tint when 
material colours are employed. 

Hence, 
Green -f Orange =N + Y. For(B + Y) + R + Y 

=:Y+(B-}-R+Y)=N + Y. 
Orange-}- Purple =:N-{-R. For (R + Y) 

-i-(B-}-R)=(B-}-R-}-Y) + R=N-}-R. 
Green + Purple=N + B. For (B-f Y) 

4-(B-}-R)=(BRY)+B=N=:B. 

Some philosophers have thought that the 
position of the orange or* green lights in the 
spectrum favours the notion of their being 
mixed colours ; since the orange is placed be- 
tween the red and the yellow, and the green 
between the yellow and the blue. 

But the indigo and the violet, being placed 
the most remote from the red, appear to present 
an obstacle to this notion. Sir D. Brewster, who 
adopts the supposition of there being three pri- 
mitive colours, supposes that the solar spectrum 
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consists of three spectra of equal lengths, a n 
a yellow, and a blue one ; and that the positioi 
of the maximum intensities of these coloi 
varies, while certain portions of each of t 
three colours form white light, by mixing with 
the other colours in the requisite proportions — ■ 
the excess of colour giving tlie predominating 
tint to that part of the spectrum where it exists. 
Thug in the red part of the spectrum tbeve is 
an excess of red rays, in the yellow part of 
yellow rays, in the blue part of blue rays, in the 
violet part of both blue and red rays. 

This view of the subject has never appeared 
tome satisfactory; and accordingly another and 
a more probable one presenting itself, I am 
inclined to adopt it, more especially as it is sup- 
ported by some experiments recently made by 
Sir John Herschel.* Suppose a repetition of 
the primitive colours of the Newtonian spec- 
trum, the red of the second spectrum being 
partially superposed on the blue of the first 
spectrum. The extreme blue rays of the first 
spectrum being intermixed with the red rays of 
the second spectrum, will give the sensation of 
indigo and violet. But it may be asked, where 
are the other colours of the second spectrum! 

• This notiou was thrown out by Professor Grove, ii 
his Lectures on Light, delivered at the London Ii 
tioo, in Ngvember, \Si2, 
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The reply is, that they are not visible to the 
eye. What evidence, then, it will be said ia 
there of the existence of invisible rays beyond 
the first or Newtonian spectrum? The evi- 
dence is two-fold : first, the well known che- 
mical effects produced beyond the visible spec- 
trum i and, secondly, Sir John Herschel's 
experiments before referred to. In his first 
paper*, in which he announces the extension of 
the visible prismatic spectrum, and the existence 
of a new prismatic colour beyond the violet, 
he states, that this colour appeared to his eyes, 
as well as to those of a friend, to be lavender- 
grey. But in a more recent paperf, he appears 
to have satisfied himself that the colour is 
yellow. "And if such," he adds, "rather than 
lavender or dove colour, should be the true 
colorific character of those rays, we might 
almost be led to believe (from the evident re- 
appearance of redness mingled with blue in the 
violet rays) in a repetition of the primary tints 
in their order, beyond the Newtonian spectrum ; 
and that if, by any concentration, rays still far- 
ther advanced in the chemical spectrum could 
be made to afiect the eye with a sense of light 
and colour, that colour would be green, blue, 
&c, according to the augmented refrangibility." 

• Philoiophieal TraneactioTis, tot ISiO, p. 19, 
t Jbid. for 1812, pp. 195, 1D6. 
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The following diagram serves to illui 
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many interesting topics connected 



with the spectrum, the details of which I feel 
precluded from entering into, inasmuch as these 
lectures are intended to illustrate the pheno- 
mena of polarized light. I must, therefore, 
content myself with hriefly naming some of 
them. The first is the unequal refrangibility 
of the diiferent-coloured rays; the red being 
the least, the violet the most refrangible. It 
is in virtue of this property that lenses and 
prisms produce the phenomena of dispersion or 
chromatic aberration. Newton thought that 
the size of the spectrum, or the dispersive 

• [The student Bhonld carefully observe the purely 
conjectural nature of those highly interesting speculations. 
It may be also a question whether they may not be ma- 
terittlly affected by the recent discoverie 
Stokes.] 
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power of the refractive medium, was propor- 
tional to its refractive power ; and, therefore, 
that the refracting telescope could not he made 
achromatic. In this he was mistaken. Equal 
refractions do not produce equal dispersions* 
Two lenses made of different kinds of glass, as 
one of crown the other of flint glass, may be 
so ground that the dispersions shall neutralize 
each other, while their refractions, not being 
equal, cannot neutralize ; consequently, an 
excess of one remains. 

Chromatic Aberration. — Prisms, as we have 

seen, disperse as well 
as refract light. Now, 
lenses are comparable to 
prisms. A section of a 
convex or a concave lens 
resembles somewhat two 
prisms, in the one case 
set base to base, in the 
other edge to edge (see Jig> 12.). 



Fig. 12. 





Fig. J3. 
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It follows, therefore, that they must disperse 
as well as refract. Hence they prodaee more 
or less colour. This is called chromatic aberroh 
tion. Seejig* 13. where the section of the rays 
At n mis the circle of least aberration. 

This property was at one time thought to be 
fatal to the perfection of telescopes and micro- 
scopes ; as by Newton. 

Opticians obviate this defect by combining 
different media, such as different kinds of glass 
which have different dispersive as well as dif- 
ferent refractive powers, into compound lenses, 
which are hence called achromatic (see Jig. 14.)* 

rtg. 14. 



CROWN GLASS 
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Under ordinary conditions we can see bodies 
without this colouring, and therefore our eye is 
practically achromatic. [But the case, though 
in some respects similar to that of optical in- 
struments, is not the same^ and depends on 
a slightly different application of theory in 
the combination of the refractive media. It 
is also probable, that the degree of achro- 
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tnatism di£fers widely in different individual 

eyes.*] 

Not the least remarkable fact connected with 
the spectrum, is the existence of bands oijixed 
Uties in it. Though originally discovered by Dr. 
Wollaston, they are commonly called Fraun- 
hofer's lines of the apectrvm. Tiie best mode of 
seeing them is to examine the spectrum by a 
telescope. [The annexed figure [Jig. 15.) may 
give a general idea of the appearance and posi- 
tion of afew of the most conspicuous lines as de- 
Fig. 15. /pil|||f||i||,, signated by Fraunhofer 
by the letters A, B, &c. It 
i B^SS maybe desirable to many 
' students to know that 

the general fact of the 
existence of such lines, 
may be rendered evident 
by much simpler means 
than those used by 
Fraunhofer. It depends, 
however, essentially on 
the goodness of the glass 
of the prism, and affords 
', a test of it. With most 
Eitimp ) . F,m ,h,.ii| ordinary fiint-glass prisms 
I ' S.mij [ " mM\ three or four at least, 

I ^^^- S mm of the chief lines can 

I "See Memoirs of the Oxford Askmolean Societn, 

I TOL i 1838. 
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be readily seen, if we merely hold the prism 
close to tlie eye, and view the image of a nar- 
row slit (35 inch wide) in a shutter or screen 
fixed in the upper part of a window through 
which the while light of the clouds passes. A 
very good plan is to make a tube three or four 
feet long covered at one end, with such a narrow 
slit in the cover, and having a short prism 






into the other end {so as to exclude all f 
traneous light), adjustable about its axis by a 
projecting end outside, and furnished with a 
small aperture or tube for the eye. The slit 
must also be adjustable to exact parallelism 
with theaxisof the prism. These lines belong 
exclusively to the io^ar light; other kinds of 
light have lines peculiar to themselves,] Other 
systems of lines of a different kind are pro- 
duced when the light of a lamp, or that pro- 
duced by throwing the oxyhydrogen flame on 
lime, is passed through a bottle tilled with 

. nitrous acid vapour, before it falls on the prism. 
The illuminating, heating, magnetic, and 

I chemical powers of the spectrum — I must pass 
ovei without further notice, as they have no 
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direct connection with the immediate object 
of this course of lectures. I cannot resist^ 
however, remarking that the existence of a 
calorific, magnetic, and chemical influence 
beyond the confines of the coloured spectrum, 
is a £ict of considerable importance in any in- 
quiries which may be instituted into the nature 
of light. Moreover, the splendid and interest- 
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ing pictures called Daguerreotyjiea, Caloty^ 
Chrysotypes, &uA Ferrotypes, or Cyanotypes, pro- 
duced by the chemical influence of light on gross 
or ponderable matter, show the high importance 
of investigations respecting tlie chemical powers 
of the spectrum. The relative positions and 
maxima of these sets of rays are represented m 

Jig- 17. 

VIL />i^a;c(ioM.— When light passes near the 
_ Fig. 18. edges of bodies, it suffers cer- 
tain modifications, included by 
opticians under the denomina- 
tion of infiexion or diffraction. 
If an opaque body be placed 
in a cone of light admitted into 
a dark chamber through a very 
small aperturcj its shadow ia 
I larger than its geometric projec- 
tion. Moreover, its shadow ia 
bordered with fringes, and other 
parallel stripes are observed 
I witliin the shadows of narrow 
I bodies. Fig. 18. represents the 
appearance of l!ie shadow of a 
wire under these circumstances ; 
the outside fringes are slightly 
.loured, the interior are dark and white only, 
,e centre band is always white; the number of 
mds depends on the thickness and distance. 
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If tlie light be homogeneous or mouochro- 
matic, the fringes consist of dark and light 
spaces of the same colour, and are of different 
breadths, red yielding the broadest, violet the 
narrowest fringes ; in wbite light the fringes 
are consequently coloured with compound 
tints. 

Coloured fringes may be readily observed by 
looking through the slit between the almost 
closed fingers, at a candle, placed at a distance 
of several yards. It may be seen still better 
by looking at the same luminous body through 
a feather, or through a fine wire-gauze. 

When I tell you that the immortal Newton 
failed to perceive the internal fringes, and that 
he left the subject altogether in an imperfect, 
unsatisfactory, and unfinished state, I need 
scarcely add, that the phenomena are very com- 
plicated, and their study difficult. 

[The most perfect method of exhibiting dif- 
fraction is by means of the sun's light, thrown 
into a darkened room by a mirror outside, and 
brought to a point at the focus of a small lens 
of short focus, exactly as in a solar microscope. 
The image of the shadows of the wires, edges, 
apertures, gratings, &c.,can then be seen with 
their various fringes, brilliantly depicted on a 
screen, or still better, viewed b}' an eye lens of 
short focus, the screen being altogether removed; 
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this is by far the best method in all ex] 
ments of this kind, 

The Editor has also found, that by a moi 

cation of this method the phenomena of difl 

tion may be seen by candle-light, on a minute 

scale, if wc merely stretch a fine wire (about 

j^ inch diameter) across the iurface of the small 

eye lens or even near to it, but within the 

distance of its focus, and then look through the 

lens from the other side, at the flame of a candle 

at a distance of at least twelve feet, the wire 

being parallel to the length of the flame (ot 

still better, a narrow slit in a screen), when the 

shadow of the wire is seen magnified, with the 

external fringes on each side and the internal 

stripes within, the centre being always bright, 

A tube with a narrow slit (about ^'jj inch or 

ess wide) at each end, the slits being parallel, 

I exhihitsbeautiful coloured fringes, when looked 

I through at a candle, or even at the light of the 

I clouds.] 

VIII. Colours of Thin Plates, of Films, and of 
\ Grooved Surfaces.— A. variety of curious and 
i trilliant optical phenomena were attributed by 
Newton to what he called fits of transmission, 
andjSfg of reflection ; but which Dr. Young and 
most subsequent writers ascribe to interference 
of light. I refer now to the pSenomewa of thin 
.gllales, of films, and of grooved surfaces. 
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Excessively thin plates of air, liquids, or 
solids appear coloured when viewed by reflected 
and transmitted light ; but the colour seen by 
reflection is complementary to that seen by 
transmission. 

If the plate be of uniform thickness, the 
colour is uniform ; but if the thickness varies, 
the colour also varies. 

These colours succeed in a certain order or 
series (called Newton's scale), in the order of 
the thicknesses commencing from the very least 
thickness at which the plate does not reflect 
light, and when viewed in this position, appears 
black ; but when viewed by transmitted light, 
appears white. 

[It may be desurable here to give a table 
of the order of these tints, commonly called 
Newton's scale, as it is afterwards referred to. 

Black 



1st Order 



-< 



2nd Order 



'< 



Blue 

White 

Yellow 

Orange 

Red. 

Indigo 

Blue 

Green 

Yellow 

Orange 

Red 

Scarlet. 
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Purple 

Indigo 



7th Order 



-{ 



Red. 
Greenish Blue 



White. 

A plate having the form of a piano-concave 
]en9, the thinnest part of the plate being in the 
L centre, gives a series of concentric tings of 
I brilliant colours. Those seen by reflected light 
>}iave a black spot in the centre, while the trans- 
ted rings have a white spot in the centre, 
md all the colours complementary. [Such a 
r is produced by pressing a convex 
■lens on a plane glass : also pieces of plane glass 
■•pressed together will give various irregular 
I'tiaiids of the same colours, according to the 
^.direction of the pressure.] 

[Rings (though not exact in form) exhibit- 
g these colours are easily formed, by pressing 
ui together at their centres two pieces of 
late glass, at least six inches square.] 
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These different phenomena of thin plates are 
fariiliantlj illustrated in the lecture-room by the 
oxjhydrogen lime-light. 

The squares of the diameters of the reflected 
coloured rings are aa the odd numbers, 1, 3, 5, 
7, 9, &c. ; while the squares of the diameters 
of the transmitted rings are as the even numbers 
0, S, 4i, 6, 8, 10, &c. Hence Newton calculated 
the thicknesses at which they are produced. 

The brilliant colours produced by thin plates 
of air between the lamina of mica, of selenite, 
and of Iceland spar, and between plates of glass, 
are familiar illustrations of the colours caused 
by thin plates of a gaseous substance. 

The colours caused by thin films of oil of 
turpentine or other essential oils, of alcohol or 
of water, and by soap-bubbles, are well known 
examples of the colours caused by thin plates 
of liquids. 

The iridescent hues produced on copper or 
steel by heat, and which depend on the forma- 
tion of a thin film of metaiiic oxide, are good 
illustrations of the colours caused by thin plates 
of solids. But the most brilliant are those 
caused by thin films of peroxide of lead, formed 
upon polished steel plates, by the electrolytic 
decomposition of acetate of lead. These splendid 
tints were discovered by Nobili", and are com- 

i Sec Taylor's Seienlific Memoin, vol. i.part 1> 
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montf known as Kobili't col&itrM or metallo- 
ckrotnet. The mode of prodndng lijem has been 
descrihed hy my friend Mr. Gaasiot, in a paper 
read before the Royal Society.* If we place on 
the polished steel plate a card screen in which 
some desice is cut out, very beautiful figures, 
having a splendid iridescent appearance, are 
produced. 

In ail the cases hitherto alluded to, I have 
supposed white or compound tight to be ased ; 
and then the colours are called iridescent, but 
(as we have seen) not of the same kind nor in 
the same order as the prismatic. But if mono- 
chromatic or homogeneous light be employed, 
the rings are of a uniform tint or colour, and 
are separated by obscure bands or rings. Ked 
light yields the broadest, riolet light the nar- 
rowest rings. Hence in white light the super- 
position of these gives rise to the observed com- 
pound tints. 

Minute particles, fibres, and grooved surfaces 
also produce iridescent colours by white light. 
Thus, minute particles of condensed vapour, 
I ohtained by breathing on glass, give rise to this 
effect. A familiar illustriition is to be found 
in the halos observed around the street-lamps, 
when viewed at night through a coach-window, 

Proceedings of Ihe Hoy al Society, forMarcli, 
' ii Mamudof Chemistry, Sth edit. p. 886. 
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on the giftss of which vapour is deposited. In 
this case the colours are seen by transmission. 
Dr. Joseph Reade's beautiful instrument called 
the Iriscope, brilliantly displays the colours 
produced by reflection from a plate covered 
with condensed vapour. It consists of a plate 
of highly polistied black glass, having its sur- 
face smeared with a solution of fine soap, and 
subsequently dried by rubbing it clean with a 
piece of chamois leather. If the surface thus 
prepared be breathed on through a glass tube, 
the vapour is deposited in brilliant coloured 
rings. But as in this mode of experimenting, 
the plate of vapour is thickest iji the middle 
and thinnest in the circumference, the rings are 
in the reverse order to those of Newton, having 
a black circumference instead of a black centre. 

Minute fibres of silk, wool, and of the spider's 
web, also present in sunshine a most vivid iri- 
descence. 

A very minutely grooved surface also presents 
an iridescent appearance in white light. Of this 
mother-of-pearl is a familiar instance. Micro- 
meter scales frequently present the same ap- 
pearances ; and Barton's buttons and other iris 
ornaments owe their resplendence to numerous 
minute grooves cut in the surface of the metal. 
If a beam of light from the oxyhydrogen appa- 
ratus be received on one of Bartou's b 
an iridescent image may be thrown on 
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several yards distant; thus furDishing a good 
lecture^room illustrstion of the colours of 
grooved surfaces. 

IX. Double Refraction. — When a pencil of 
light falls in certain diiections on any crystals 
which do not belong to the cubical system, it is 
split or divided into two other pencils, which 
diverge and follow different paths ; and when 
their divergence is considerable, objects viewed 
through tbem appear doubled. The change 
thus effected on a ray of light is denominated 
double refraction. The substance which is com- 
monly used to produce this effect, is that variety 
of transparent crystallized carbonate of lime, 
called Iceland upar, or sometimes calcareous 
spar, or, for brevity, calc-spar. 

In every double refracting crystal there are, 
however, one or more directions in which 
double refraction does not take place. These 
are called axes of double refraction ; they might 
perhaps with more propriety be termed axes of 
MO double refraction. 

I now pass a beam of light (produced by 
throwing the oxyhydrogen flame on lime) 
through a rhombohedron of Iceland spar, and 
we obtain two images on the screen. By rotat- 
ing the crystal on its axis one of the images 
revolves around the other, but neither disap- 

\ji during tlie revolution. We shall see the 
irC of the fact in the sequel. 
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X. Polariealion. — ^When submitted to cer- 
tain influences) the rajs of common light acquire 
peculiar properties, designated by the term po- 
larization. These peculiarities are not distin- 
guishable hj the uaassisted eye. 

A very common question, put by persons who 
have not studied the subject, is, " JV/iat ia 
palarized light 9 " and the philosopher feels very 
considerable difficulty in giving a concise and 
intelligible reply ; so that the inquirer, perhaps 
after listening to a lengthened detail, frequently 
goes away, without obtaining, as he says, a 
direct and short answer to his question. 

There are two modes of reply : owe is to de- 
scribe, independent of all hypotheses, the pro- 
perties by which polarized light is distinguished 
from common light ; the other is to adopt some 
hypothesis of the nature of light, and, therefore, 
to give an hypothetical explanation of the na- 
ture of polarized light. Whichever method 
we adopt — and I shall give both — lengthened 
details are necessary to enable the uninitiated to 
comprehend the subject. 

There are four methods of polarizing light, 
vix,: — 

a. Reflection. 

b. Simple refraction. 

c. Double refraction. 

d. TraiismisBion through a plate of ' 
line. 



*"■! 



ON TBE POLARIZATION OF UfiHT. 

In tlie following table I have contrasted 
some of the distinguishing characteristics of 
common and polarized light : — 



A Bny of Polarized Light, 

1. Is capable of reflecHon, 
at oblique angles of rata' 
dence, ta certain poaitiont 
only of the reflector. 

2, Penetrates a plate of 
ioumudine (cnt parallel 
to the axis of the crja- 
tal) in certain positions 
of the plate, but in others 
is nhollf intercepted. 

3. Tenetrittes b. bundle of 3. Fenetrat«s a, bmuBe of 
parallel glass plates, in parallel glass plates, in 
every position of the certain positions of the 
bundle. bundle, but not in others. 

4. Suffers double refractioa 4, Does not suffer double 
by Iceland spar, in every refraction by Iceland 



A Ray of Common Light, 

1. Is capable of reaction, 
at oblique angles of inci- 
dence, in everj position 
of the reflector. 

2. Penetrates a plate 
tourmaline (cut parallel 
to the axis of the crys- 
tal) in every position of 
the plate. 



direction, eicept that oi 
the axia of the crystal. 



spar, in every direction, 
except, that of the axis of 
the cryGUl. In certain 
positions, itsufiera single 
refraction only. 

Thus, then, one mode of replying to the be- 
fore-mentioned question would be, by recapitu- 
lating the facts stated in this second column. 
This reply would form what I may terra a 
matter of fact answer, being independent of all 
hypothesis. 

The naked or unassisted eye cannot, then, dis- 
tinguish common from polarized light. Every 
person must have repeatedly seen polarized 
light; but not knowing how to recognize it, has 
i to distinguish it from common light. If 
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;ou look at a polisbed mahogany table, placed 
between you and the window, part of the light 
reflected from the table is polarized. When 
you look obliquely at the goods in a linen- 
draper's shop, through the plate-gfass window, 
part of the light by which you see the arlicles 
is polarized. When you see two images by a 
crystal of Iceland spar the transmitted light is 
wholly polarized. The atmospheric light is fre- 
quently polarized, especially in the earlier and 
later periods of the day when the solar rays fall 
Tery obliquely on the atmosphere. At the pre- 
sent season (the spring), the effect may bo per- 
ceived at eight or nine o'clock in the movuing 
and five or six o'clock in the afternoon, the ob- 
server standing with bis back to the sun, or with 
his face north or south. I have found that the 
effect is best perceived when the sun is shining, 
and the atmosphere more or less misty. 

It 18 obvious, therefore, that after we have 
])olarized a ray of light, we must employ some 
Bgent to detect its peculiar properties. This 
agent is called the analyzer. It might alsc 
termed the test. It may be a rejlecling plate, 
a plate of tourmaline, a bundle of glass plates, a 
NichoVs prism, or a double refracting prisvi; in 
■fact, the analyzer or test must be a polarizer. 

Thus, then, a po/ariscope consists of two 
parts : one for polarizing, the other for ana- 
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lysing or testing the light. There is no essentia] 
difference between the two parts, except what 
convenience or economy may lead us to adopt; 
and either part, therefore, may be used as polar- 
izer or analyzer ; but whichever we use as the 
polarizer, the other then becomes the analyser. 
a. Polarization hy Reflection. — This method 
of polarizing light was discovered by Mains, in 
1808. He was viewing, through a double re- 
fracting prism, the light of the setting sua 
reflected from the glass windows of the Luxem- 
bourg palace in Paris ; and, on turning round the 
prism, he was surprised to observe a remarkable 
difference in the intensity of the two images: 
the most refracted alternately surpassing and 
falling short of the least refracted in brightness. 
Polarizing reflectors are usually glass. This 
should be either 
ground or black- 
ened at the back to 
prevent posterior 
reflection. Water 
is seldom made use 
of. Mica may be 
, employed instead 
of glass. A well- 

ofwood 



Fig. 18. 



Polari^aliijii hi/ U.-Jhctum. 
r. Incident ray of coiiimon or 
Tolarizeii light. 
I. Plate of glass (jxilarizing 

Reflected ray of polarized; niskedpii 



liefat. 



(as a table, top of a 
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(tianoforte, or a counter^ is very convenient. 
Marble also answers tolerably well. The shining 
back of a book is oftentimes serviceable. Me- 
tallic plates are objectionable ; since by refiec- 
tion from them, the ligbt undergoes other modi- 
fications to be explained hereafter. 

The polarizing angle varies for different sub- 
stances, as the following table shows : 

Angles of Polariaation by Reflection. 



Water 

Glass - 

Sulphate of lime - 

Rock crystal 

Iceland spar 

Diamond 
From a very extensive 
ments, made to determine tl 
izing angles of 
F,g. ao. 



53° 11' 
56° 45' 
56° 4.5' 

^G" 58' 
58° 51' 




a right 



68" r 

33 of experi- 

bodies, Sir D. Brewster 
arrived at the fol- 
lowing law: the in- 
dex of refraction is 
the tangent of the 
angle of polarisat 
tion. It follows) 
therefore,a8ageome- 
trical consequence, 
that the reflected 
polarized ray forms 



'th the refracted ray. 
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This may be illustrated as follows in {_fig. 20.) 
AB. (1-336) is the sine of the angle of incidence for 

CD. (1-000) is the sine of the angle of refcaction, 

ECD. Thia angle is 36-49'. 

Hence fiS'll' is the aiaximum polarizing angle for 
wafer. For this is the compiement of the angle of re- 
fraction. 

fi3-ll'+.'!6-49'=90='. 

Here, perhaps, is the most convenient place 
for referring toa suggested application of polar- 
ized light, I have stated that light is polarized 
by water, at an angle of 52° 45'. By the 
analyzer as a tourmaline, or Nicliol's pristn (or 
a, bundle of glass plates), the whole of this re- 
flected polarized light may be intercepted with- 
out offering any impediment to the unpolarized 
tut refracted light which has traversed the 
water; so that objects may be more readily 
seen at the bottom of ponds, rivers, and the 
sea, by this expedient than otherwise, since the 
I glare of the reflected light is prevented. Hence 
anglers, and those fond of fiah-spearing, may 
employ this property of polarized light in the 
discovery of the objects of their sport; and 
commanders of vessels may avail themselves of 
it to detect rocks and shoals in the bottom of 
I the ocean, which are not otherwise visible 
I except by viewing them from the mast-head, by 
I which the angle of reflection is diminished, and 
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consequently the quantity of light reflected is 
thereby lessened, 

I proceed now to demonstrate experimentally 
the polarization of light by reflection, and the 
essential properties of the polarized ray. This 
is best exhibited to a class by the followinir 
metliod; I obtain an intense light by throwing 
the flame of a jet of mixed oxygen and hydro- 
gen gases on a cylinder of lime. This light 
which I shall, fur brevity, call the lime-light, is 
condensed by two cross lenses (called conden- 
lers) and thrown on a plate of glass, blackened 
at the back, and placed at an angle of 56° 45', 
The light is polarized by this plate, and being 
then refracted by two plano-convex glasses 
(termed the power), is afterwards received on a 
semi-transparent calico screen, strained on a 
wooden frame, and moistened with water. A 
bundle of glass plates is sometimes used as a 
reflecting polarizer: it has the advantage of 
reflecting more light, but a portion of it is 
un polarized. 

The light thus polarized is not distinguish- 
able by the eye from common light, but to prove 
its nature, I proceed to test it. For this pur- 
pose, 1 place a plate of tourmaline on the front 
of the polariscope, and on revolving it, you 
observe the lif,'iit on the screen is alternately 
cut olf and admitted. At tV the tourmalin 
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transmits the ligrht, at 90° it absorbs it, at 1 80" it 
transmits it, at 270° it absorbs it. I remove the 
tourmaline, and substitute a bundle of glass 
plates, placed at an angle of 56° 45', On revolving 
this, the light is observed to be alternately cut off 
and transmitted, as in the case of the tourmaline. 
I now substitute a double refracting prism for 
the bundle of glass, and on revolving this, it is 
seen that in two positions double refractioa 
takes place, and two images are produced on 
the screen, while in two intermediate positions, 
one image is cut off Thus, then, the light re- 
flected from the blackened glass plate of the 
polariscope, is polarized, since it possesses the 
characters assigned to this kind of light. 

b. Polarization 
hy Single Refrac- 
tion. — If light he 
transmitted ob- 
liquely through 
a bundle of dia- 
phanous laminae, 
it suffers polari- 
zation. The very 
unpolarized t]ii,i parallel glass 
plates used for 

, , „ . . microscopes form 

rf. Kefracted polarized ray. This , , ,, , 

y is oppositely polarized to c. "'^ best medium." 

Sold by Bromley and Drake, at 315. Oxford Street. 



Polarization h/ Single Refraction, 
a. Ray of common I 



6, Bundle of glass plales. 
-; Reflected polarized ray. 



lay 
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Sixteen or more of these are to be placed pa- 
rallel, and the bundle then placed atau angle of 
56° 45' to the ray to be polarized. 

Common crown or window glass serves well 
enough for ordinary purposes. The flattest, 
thinnest, most colourless, and perfect pieces ai^e 
to be selected. A very convenient mode of 
using them is the following: — Take two one 
ounce paper pill-boxes, remove the lids and the 
bottoms, and then paste together the two cylin- 
ders of the boxes, so as to form a tube. Into 
this place obliquely sixteen pieces of window 
glass. Having cut in each of the lids a circular 
hole, of about the size of a sixpence, place a 
lid at each end of the cylinder. Tlie light by 
passing obliquely through the glass-plates in 
this cylinder becomes polarized. 

A bundle of mica plates may be used for 
polarizing, but it is inferior to the bundle of 
microscope glass above rel'erred to. 

c. Polarization hy Doiihle Refraction. — I 
have already demonstrated the double refractive 
power of Iceland spar ; though I have not 
hitherto said anything of the nature of the light 
of which the two pencils are made up. 

I now proceed to demonstrate that the two 
pencils or rays produced by this pi-ocess are po- 
larized ; hut the polarized state of the one ray J 
is of an opposite kind to that of the other; i 
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tt the two rays are said to 1>e oppontely pola 
«M^ Tliat this is the case is proved b; appM 
ing our test to them. Thus if I apply a plate 
boormaline, jou observe that, as tliis is rolatef 
one of the luminous rays is alteroately cut o 
which would not be the case were the rays o 
posed of coiDmon light ; while if both wera^ 
similarly polaiized, they would be simul' 
taneously and not alternately absorbed. If I 
substitute the bundle of glass plates for the 
Fig. n. J 




'e Rffractiaa In/ a Wtombohedron of Iceland Spar. 
>. The obtuse anglea. A line drawn from atob 

le axis of the crystal, 
it raj of unpolarized or common Il^bt. 
I. Oppositelj polarized transmiLled rajs; e ia caHed 
sstraordlnary, o the ordinary ray. 

& line, which when viewed through the rhombo- 
1, appears doubled, J^ and hi. 
maline, one of the rays is reflected, and the 
r transmitted ; and by revolving the bundle 
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90', tbe ray which was reflected is now trans- 
mitted, and that which was transmitted is now 
reflected. 

NickoTs prism, or Nichol's eye-piece', is a 
most valuable and convenient polarizer or ana- 
lyser. It consists essentially in a prism of ealc 
spar so cut that a ray entering perpendicularly, 
or nearly so, to one face falls upon the oblique 
side at so small an angle that of tlie two rays 
Into which it is divided, one is incident at such 
angle that it cannotbe retracted out, hut under- 
goes internal reflection, and is thus carried aside, 
while the other passes out by refraction (see 



Fig. 23. 



^ 



To the oblique surface is cemented on by 
Canada balsam the corresponding oblique side 
ef a similar prism of calc spar, through which 
the transmitted ray passes out in a directio 
parallel to that of incidence, and having its pris- 
matic colour destroyed by the second prism. We 
thus obtain a ray wholly polarized in one plane. 
Overthetourmaline this prism has the advantage 
of being perfectly free from colour, but it has the i 
objection of giving a very limited fiL'Id of vision. I 
• See Jamamt's Jounia!, vols. 6, 16. ni'l f.7. 
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d. Polarisation byihe Tourmaline, — Tbe last 
mode of polariziEg light to which I shall haye 
occasion to allude is. by transmission through 
a phte of tourmaline cut parallel to tlie axis 
of the cry tal 

The substance called tourmaline, and to 
which I }n\e already referred, is a precious 
stone which is occasionally cut and polished, 
and worn as a jewel There is good reason for 
suppo ing that it is the substance to which 
Tlieophr istus alludes under the name of lyncu- 



F^ 2i. 




a. Brazilian tourmaline. Bycooling, theupper endbe- 
comes positively (+), the lower negatively ( — ) electrical. 

b. Another tourmaline. 

c. Tourmaline slit, parallel to the axis, into four platea, 
which, when ground and polished, are uaed as either 
polarizers or analjzers, 

d. Tourmaline cut at right angles to its axis. The 
plates, thus obtained, are ground and polished, and tl 
used in the polariscope for producing coloured ri 
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rium (Xuy)(U()K)v). It is found in various parts of 
Europe, Asia, Africa, and America. Much of 
that found in commerce comes from the Brazils. 
It occurs in thick and short, aa well as in aci- 
cular prismatic crystals, belonging to the rhom- 
hohedric system, and which have three, six, or 
more aides and dissimilar summits. Thus in 
most tourmalines the extremities or summits 
of the crystal differ from each other in the 
number or situation of the planes j and like 
other unsymmetrical crystals, the tourmaline 
becomes electrical while changing; its tempera- 
ture, one extremity becoming positive, the 
other negative. 

The colour of the tourmaline is various, but 
green and brown are the prevailing tints. 
Curiously enough, there appears to be a re- 
markable connection between the colour and the 
other optical, as well as the electrical properties 
of the tourmaUne. Green, blue, and yellow 
colours are, in general, imperfect polarizers. 
The brown and pinkish tints are the best. 
"White colourless toiymaiines do not polarize. 

The principal constituents of the tourmaline 
are silica and alumina, Boracic acid is always 
present, as also magnesia. Iron, potash, soda, 
j^c, are not constant ingredients. 

For optica! purposes, the tourmaline is cut 
in two directions, viz, parallel, and likewise at 
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ttt tie cryitaUograpkieal axi 

for polarizing or afitrTyrtV 

f*f?4t*t u> the axis about ^'q of an iac 

MU for depolarizing, a process to I 

ihowing coloured ring 

tmtieaxit. Considerable care an 

Me required to prepare good plates. 

iJM^ b« iMX cut perfectly parallel to tl 

<^ -Jxu poWizmg and analyzing powers ai 

....> itDiraired. In buying plates, aroi 

■ •, ind deep colours, and select thoi 

Y-wriaient you find to be good pi 

-, ji is the polarizing powers are vei 

! liif^reiu crystals, nothing buca tri 

'. lU- can determine its goodness. 

_:i: which is transmitted by a plate < 

II or a') (cut parallel to the axis 

. . .ji.irized. A. second plate of tourm; 

'^'ild in the same position, transmi 

;^'.arizedbytbefirst plate; but if tl 

jl.- (6') be turned round, so that i 

- . ri^'ht angles with the axis of the fir 

. ■ :-lit is transmitted. 

,r;.it objection to the tourmaline, as 

. i«, that the transmitted polarize 

jce or less coloured, and also that 

'.portion of light is lost. If larg 

XlM^er, of I'nradue Street, Lambetb, prepir 
"""* for moat of the optifuans. 
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transparent, and colourless polarizing tourma- 
lines could be obtained, they would be invalu- 
able to the optician. 

That common light is polarized by transmis- 
sion through a plate of tourmaline, as above 
described, is proved thus : — A second tourma- 
line, placed with its axis at right angles to 

Fig. 25. 




Action of Tourmaline Plates on Light, 

a, h. Two plates of tourmaline (cut parallel to the axis 
of the crystal), with their axes coincident ; a, is called 
the polarizer, and &, the analyzer. 

c. Incident ray of unpolarized light. 

d. Transmitted ray of light polarized by a. 

e. Ray polarized by a, and transmitted by b, 

a\ h\ Two plates of tourmaline with their axes op- 
posed, so that the light, polarized by a', is intercepted 
by 6'. 

the first, does not permit light to pass. But 
when the axes of the plates coincide, the light 
polarized by the first plate is transmitted bv 
the second. Moreover, if the light tr 
through the first tourmaline be rec< 
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oblique angle on a plate of glass, blackened ar 
the back, it is reflected only on two sides of 
the ray, and at an angle of 56° 45'. Lastly, if 
it be tested by a double refracting prism, it is 
found to produce double refractions in two 
positions only of the ray, for on rotating the 
double refracting prism on its axis, we find 
that one of the images is alternately cut off, 
and in intermediate positions, two faint images 
only are produced, 

XI. JVave Hypothesis of Light. — There are 
two hypotheses or theories which have been 
formed to account for tbe phenomena of light ; 
one of these is called the projectile theory, or 
the theory of emission ; — while the second is 
denominated the wave, or undulatory theory of 
light. 

The first is sometimes called the material or 
Newtonian theory of light. But as on both 
hypotheses a fine subtile form of matter is re- 
quired to account for luminous phenomena, the 
one hypothesis equally deserves the name of 
material with the other. Moreover, I can- 
not understand why the projectile theory is to 
be exclusively honoured with the name of the 
Newtonian; for though on some occasions 
Newton certainly adopts it, yet on others he 
appears to support the theory of waves. 

On tbe present occasion it is not my intention 
into any details respecting the projec- 
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tOe theory ; for however ablj and pUusiU; it 
Kccounts for some optical phenomena, it is 
manifeatlv incompetent to explain those which 
it is the object of this course of lectures to 
describe. 

Light, a Property or ifotion* — The wave 
theory supposes that light is a proptrttf — a 
motion — a ribralion of something. But of 
what ? Euler imagined that the vibrating 
medium, in dense bodies, was the body itself; 
through the gross particles of which he sup- 
posed the light to be propagated in the same 
manner as sound. The hypothesis, Dr. Young ' 
declares to be " liable to strong objections ; " 
and he adds, that, " on this supposition, the 
refraction of the rays of light, on entering the 
atmosphere from the pure ether which he de- 
scribes, ought to be a million times greater 
than it is." 

Ether. — To account for the phenomena of 
light, philosophers have assumed the existence 
of a vibrating medium, wliich has been called 
the ethereal medium, the luminiferotts ether, or 
simply ether. It is supposed to be a rare, 
highly elaxtic^, subtile fluid, which occupies 

• A Course of Lectures on Natural Philasiiphj/, vol. li., 
p. G42. Also Phil. Traits, for 1800. 

t Elasticily of the Ether.—'-' In the interior of refract- 
ing media the ether exists in a state of leas eluaticitj-, 
compared with its density, than in vacuo ; and the m 



all space and pervades all bodies. As the sensa- 
tion of light is supposed to be excited hy the mi- 
dulations of this medium, so, where light exists, 
there ether must be. Hence it fills all space. 
It is between the san and the earth, the earth 
and the stars, and so on. If it did not exist in 
water, diamonds, glass, &c., these bodies would 
not be diaphanous. So that it must pervade 
all bodies. Even opaque substances must con- 
tain it, since, as in the case of gold, these 
become transparent when excessively thin.* 

Existettce of an Ether. — We have no inde- 
pendent evidence to adduce of the existence of 
this medium. It is, therefore, an assumption ; 
but one which is sanctioned by the high authority 
of Descartes, Huyghens, Euler, Hooke, ^ew- 
ton, Xoung, Fresnel, and some of the most dis- 
tinguished philosophers of the pres.ent day, 
among whom are Sir J. Herschel and Arago. 
These eminent men have seen in this assump- 
tion nothing inconsistent with their knowledge 

refractive the medium the less, relatively Epeaking, is the 
olasticitj of the ether in its iiiterior." (Herschel, 563.). 
' " In the eKplHnation of the law of refraction, the 
widjdatory hypothesis requires that the velocity of the 
light ehoiiM be leas in the denser medium than in the 
THirer ; nhlle. in the material system, the contrary must he 
the case. Could this fact be submitted to experiment, 
we should immediately be enabletl to decide the ques- 
tion." (Lloyd, Xfcfurei on Light and Vision, p vi. 1H3I.) 
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of the constitution of the universe. The elec- 
trician and the magnetician have assumed, 
respectively, an electric and a magnetic tiuit!, 
and there can be no impropriety, therefore, in 
the optician assuming a luminiferous ether, pro- 
vided, however, that it be compatible with well 
ascertained facts, and do not violate known 
laws. Moreover, it is hy no means irapiohahle 
that the fluids wliich have been respectively 
assumed as the causes of electrical, magnetical, 
calorific, and luminous phenomena, may be one 
and the same. It has seemed to some a pas- 
sible conjecture that even gravity, perhaps, may 
be referable to the same cause. Newton* 
himself has thrown out a speculation of this 
kind. Alluding to the ether, he says, " Is not 
tliis medium much rarer within the dense bodies 
of the sun, stars, planets, and comets, than in 
the empty celestial spaces between them ? And 
in passing from them to great distances doth 
it not grow denser and denser perpetually, and 
thereby cause the gravity of those great bodies 
towards one another, and of their parts towards 
the bodies ; every body endeavouring to go 
from the denser parts of the medium towards 
the rarer?" Very recently, Dr.Rogetf and 

• Optich, p. 323. Query 21. 

t EUctridt!]. Published in the Library of Useful 
KaoiBledge, 
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Mosotti • have shown how, on the assumption 

of an ethereal medium, the phenomena of gra- 
vitation and electricity may be included in the 
same law. 

It has been said, that if the universe con- 
tained a fluid of the kind here referred to, the 
planets must experience some resistance to 
their motions, and, therefore, that as no resist- 
ance can be detected, there can be no ethereal 
medium. This conclusion, however, is by no 
means a necessary one, for " if this ether," 
says Newton f, "should be supposed _700, 000 
times more elastic than our air, and above 
700,000 times more rare, its resistance would 
be above 600,000,000 times less than that of 
water. Aud ao small a resistance would scarce 
make any sensible alteration in the motions of 
the planets in ten thousand years." The moat 
satisfactory evidence of this resistance, if in- 
deed it exist, might be expected to be found 
in the case of the comets, bodies made up of 
the lightest materials, in fact, masses of vapour, 

■..and, therefore, from their less momentum, 
: likely to suffer retardation. In the case 

fof Encke's comet, evidence of this resistance is 
ibelleved to have been obtained. The mean 

*OnAe Forcei which regjihiie the Inlemal Conatitw- 
R of Bodiei, in Taylor's Scientijk Memuir», partiii, 
•I- Optiehs, p. 327. Query 22. 
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duration of one entire revolution of this comet 
is about 1207 days, and the " magnitude of the 
resistance is such as to diminish the periodic 
time about -j pjgo of the whole at each revolu- 
tion ; a quantity so large that there can be no 
mistake about ita existence,"* 

The following table of the mean duration of 
one entire revolution of this comet, allowance 
being made for perturbations occasioned by the 
action of neighbouring planets, is taken from a 
memoir by Encke.f 

From 1786 to 1793 1208-112 

" 1793 to 1803 1207-879 

" 1805 to 1819 1207-424 

Sir John Herschel ^ observes, that " on com- 
paring the intervals between the successive 
perihelion passages of this comet, after allow- 
ing, in the most careful and exact manner, for 
all the disturbances due to the actions of the 
planets, a very singular fact has come to light, 
viz., that the periods are continually diminish- 
ing, or, in other words, the mean distance from 
the sun, or the major axis of tiie ellipse, dwind- 
ling by slow but regular degrees. This is evi 
dently the effect which would be produced by 
• Airy, Report on the Progrem of Astronomy, in the 
Report of tlw Britia/i Association for 1833. 
f Astronomische Nachricktea, N OS. 210, 211. 
i Treatise on Astronomy (in Lardner's Cydopmdia), p 
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a resistance experienced by the comet from i 
Tery rare ethereal niedium pervading the re- 
gions in which it moves, for such resistance, by 
diminishing its actual velocity, would diminish 
also its centrifugal force, and thus give the sun 
more power over it to draw it nearer. Accord- 
ingly (no other mode of accounting for the 
phenomenon in question appearing), this is the 
solution proposed by Encl;e, and generally re- 
ceived. It will, therefore, probably fall ulti- 
mately into the sun, should it not firat be dis- 
sipated altogether, a thing no way improbable, 
when the lightness of its materials is considered, 
and which seems authorised by the observed 
fact of its having been less and less conspicuous 
at each reappearance." 

So extensive a theory as that of undulations 
of course must have its difficulties and be open 
to many objections, 

" One of the principal objections urged 
against the undulatory hypothesis is that, ac- 
cording to it, light should not only be propa- 
gated in right lines, but in every direction, as is 
the case with sound ; so that there could be no 
shadow, no absence of light produced by the 
intervention of an obstacle. To this the sup- 
porters of the system reply, that this lateral 
propagation of the pulses of an elastic medium 
is less, the greater the velocity of the pulses, as 
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that of Bomid is less than that of water, &c. : 
so that they consider themselves justified in in- 
ferring, that when the velocity of propagation 
is so great as that of light, the lateral propaga- 
tion must be insensible."* 

Moreover, on the principle called " the 
mutual destruction of secondary waves," it has 
been proved that such lateral spreading of 
waves must in a great degree destroy itself. 
But also in point of fact, it does to a certain 
degree exist 

Sir D. Brewster f states, that there are cer- 
tain classes of facts which the wave theory will 
not explain. Two of these only he mentions : 

1st. The phenomena of transverse fringes 
which cross the fringes produced by grooved 
surfaces and produce, both in common and 
homogeneous light, a series of phenomena 
equally beautiful and singular. In these phe- 
nomena we wicnes'^ the extraordinary fact that 
a stripe of polished metal is incapable, at va- 
rious angles of iucidence, of reflecting » single 
ray of homogeneous light ; while at intermediate 
angles of incidence, it reflects that light freely. 

2. The second group of phenomena present 
f themselves in looking at aperfect solar spectrum. 



" Lloyd on lAght tmd Visiojt, p. i. 
f AtheaiEumy July 12. 184^. 
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or a diffraetive spectrum, through the edge of a 
thin plate of glass, quartz, or mica. If we cover 
one half of the pupil of the eye with such a 
plate, and with this view the spectrum so that 
the rays which pass by the edge of the plate 
may interfere with those which pass through 
it, then if the plate is seen in the same side as 
the violet space, the spectrum is seen crossed 
with numerous black and nearly equidistant 
bonds parallel to Frauenliofer's fixed lines, and 
generally speaking increasing witli the thick- 
ness of the plate ; but if the plate is on the 
same side as the red space, no bonds whatever 
are seen, though all the other conditions of 
their production are the same. This he called 
a new polarity. 

In reply to Brewster, Airy and others ex- 
pressed themselves to the effect that they did 
not doubt of the capability of the theory to 
explain the phenomena, however complicated. 
Airy indeed has done so with respect to the 
" new polarity," though Brewster at first de- 
nied its accuracy [yet the subsequent inves- 
tigation of Mr. Airy completely settled the 
question." There are, however, many pheno- 
mena which as yet remain unexplained by the 
undulatory theory, chiefly such as would re- 

• See Phil. Mug., November and December, 1846. ] 
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quire such an extension of the analytical for- 
mulas as the stale of the calculus does not at 
present enable us to pursue].' 

Leaving these speculations, I proceed to 
point out the properties which an ethereal 
medium must he supposed to possess. 

Ethereal Molecules, — The ether consists, or 
is made up of minute parts, which we call mole- 
cules, between which there must exist attrac- 
tive and repulsive forces f , in virtue of which 
the ether possesses extreme elasticity. More- 
over, there appears to exist some attractive 
force between the ethereal molecules and the 
particles of the grosser forms of matter. In- 
deed, Dr. Young supposed that the vibrating 
medium is the ether and ponderable matter 
conjointly. 

But instead of insisting on the actual exist- 
ence of an ethereal medium composed of mole- 
cules, we " may he content to look at the 
theory simply as a mathematical system, which 
faithfully represents, at least, a wide range of 
phenomena, and to some extent connects the 
laws so made out with dynamical principles 

• Phil. Mag., 3\Ciy, 1832. 

+ See a paper by Mr. Earnahaw, On the Nature of the 
Molecular Force) which regvlole the ConsiibdioTi of the 
Luminiferoof Ether, in the Transactiona nf the Cam- 
bridge Pkiloiophical Society, vol. vii., part 1. 



regulating the motions of a system of poiDts, 
combined to form an elastic ajstem, which, for 
brevity and illustration, we call molecules, con- 
stituting an ethereal medium."* 

Ethereal Waves. — If we suppose the exist- 
ence of attractive and repulsive forces between 
the ethereal molecules, it follows, that when 
these molecules are at rest or have attained a 
state of equilibrium, any attempt to move one 
molecule must be attended with the displace- 
ment of several; for the motion is extended to 
adjacent molecules. So that if a vibratory 
movement be communicated to one, it is ex- 
tended to several. If tile constituent particles 
of a body be disturbed by any cause whatever, 
(provided they have not been carried beyond 
the limits within which the stability of the 
equilibrium is confined), will return again to a 
state of repose. This is efiected by the par- 
ticles alternately approaching the position of 
rest and receding from it, until, after some time, 
equilibrium is restored. The movements thus 
generated are termed vibrations, or oscillations. 
Now, an assemblage of vibrating molecules suc- 
cessively, in all phases of vibration, constitutes 



• A General and Elementary View of the Undvlaiory 
Theory, as applied to the Dispersion of Light. By the 
Rev.BadenFonell,ie41,pp. 4 and 5, 
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an ethereal ware. These vibrations being com- 
municated through successive portions of the 
ethereal medium reacli the retina or expanded 
optic nerve, and are propagated along the optic 
nerve to the brain, where they excite in us the 
sensalion of light, just as the vibrations of the 
air communicated to the auditory nerve, and 
from thence to the brain, produce the sensation 
of sound. 

The number of impulses made by the ethe- 
real molecules on the retina in a given time, 
determines the colour of the light, just as the 
number of impulses by the aerial molecules on 
the auditory nerves determines the pitch, note, 
or tone of sound. Hence colours are to tlie 
eye what tones are to the ear. 

Undulations of Elastic Fluids. — All elastic 
fluids are susceptible of undulatory movements, 
if the equilibrium of their particles be dis- 
turbed by any cause whatever. Their oscilla- 
tions are in the main similar to those of non- 
elastic fluids, modified, however, by the extreme 
compressibility and expansibility of their con- 
stitution. 

If a vibration be imparted to the air at any 
point whatever, it will be communicated to the 
surrounded particles, which will recede, in eon- 
sequence of the facility with which they moi 
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among each other, with equal velocity in all 
directions, driving before them all those par- 
ticles which lie in their path. Each of these, 
because of its inertia, opposes a certain resist- 
ance to this movement ; and the air, by virtue 
of its compressibility, becomes condensed; con- 
sequently the movement of the particle orl- 
^nally excited will be communicated through 
the mass. 

" From Newton's measures of the thicknessea 
reflecting the different colours, the breadth and 
duration of their respective undulations may 
be very accurately determined. The whole 
visible spectrum appears to be comprised 
within the ratio of three to five, whicli is that 
of a major sixth in music ; and the undulations 
of red, yellow, and blue, to be related in mag- 
nitude as the numbers 8, 7, and 6 ; so that the 
interval from red to blue is a fourth. The 
absolute frequency expressed in numbers is 
too great to be distinctly conceived, but it 
may be better imagined by a comparison with 
sound. If a chord sounding the tenor "j, could 
be continually bisected forty times, and should 
then vibrate, it would afford a yellow green 
light: this being denoted bye. the extreme 
red would be "i "nd the blue ". The absolute 
length and frequency of each vibration is ex- 



ETHEREAL WAVES. 75 

pressed in the table;"* supposing light to 
travel at the rate of 192,000 miles per se- 
cond. 
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Lengths of ethereal Waves. — -The particles 
of ether must be subject to infinitely varied 
forces; and, therefore, the waves or undula- 
tiona must be infinitely varied in length. 

All waves between 00000266 of an inch 
and 0-0000167 of an inch produce impressions 
of light or are colorific, — the first giving rise 

• Dr. Young's Course of Lectures on Natural Philo- 
lophy, vol. ii. p. 627. The above table is also taken from 
thifl work. Dr. Young calculated the velooitj of light 
Bt 500,000 million feet in 8^ minutes ; but I have adopted 
Sir John Hersohel'a assumption of 19i2,000 miles per 
second, which makes the numbers in the fourth column of 
the table diiferent to those given by Young. 
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to the extreme red, the second the extreme 
■violet These only are capable of exciting 
brations in the optic nerve capable of producing 
vision. 

No other waves produce an impression on 
the eye ; but such may be sensible to us by 
their heating or chemical effects : we may call 
them calofific and chemical waves. But in the 
solar beam there is no evidence of their being 
distinct from the luminiferous waves. 

The maximum of calorific effect is situated 
at the red end of the spectrum; the chemical 
^eyond the violet end." 

Amplitude of Vibrations {Intensity of Light). 
J — The amplitude of vibration is the maximum 
excursion from rest of each molecule of the 
ether. 

The intensity of the light depends on the 
amplitude of the vibrations: just aa the in- 
tensity of the sound yielded by a vibrating 
cord depends on the amplitude of the oscilla- 
tions. 

If in the same medium, the amplitude of 
the oscillation is doubled, the absolute velocity 
will also be doubled, and the living force, or 
the intensity of the light, will be quadrupled.-f- 

• On this subject sec Fresnel, p. 127. 
t Ibid., p. 121. 
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The following synoptical table will place in 
one view the chief points of the wave theory. 

Wave or unduIcUon/ Hypothesis. 

1. Sensation of light produced by agitation of retina. 

a. Agitation caused by vibrations of ether. 

b. Intensity depends on the amplitude of the vibra- 

tions. 

c. Colour on the number of waves in a given time. 

2. Ether; its existence assumed. 

a. Pervades transparent bodies and universal space. 

b. Is highly elastic. 

Elasticity less in refractive media. 

c. Composed of vibratile molecules. 

3. Ethereal Molecules. 

a. Attractive and repulsive forces of. 

b. Transversal vibrations of. 

a Rertilinpar i ^^ *^^ azimuths (comwow light). 
a. liectilmear -j in one azimuth 1 . , . , 

iS. Curvilinear /elliptical [(po^rized 

(right or left) I circular J ^^'*'> 

c. Amplitude of vibrations (intensity of light), 

d. Velocity, 

Varies according to the amplitude of the vibration 

4. Ethereal waves or undulations. 

a. Varieties. 

in all planes (common light), 

M^^I^" Vpolarized 

SS'::::::rV). 



...... 



1. Plane 

2. Helicoidal 
b. Lengths, 

1. Of visible (colorific) waves. 



a, 0*0000266 of an inch (extreme red), 
P, 0*0000167 of an inch (extreme violet), 

2. Of invisible (calorific or chemical) waves. 
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There is a limit to the sensibility of both ear 
and eye, that is, a certain number of impulses 
must be made in a given time un these organs 
before we become sensible of them ; and if we 
go on augmenting the number, we cease to be 
sensible of them after a certain time. Now, 
the limits of sensibility of the eye are much 
more confined than those of the ear; or, in 
other words, the sensibility ceases much sooner 
in the case of the eye than in that of the ear. 

The following is the range of the human 
hearing according to Biot* : — 
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But the actual range varies in different in- 
dividuals, and we shall not he far from the 
truth if we assume, with Dr. WoJlastonf and 
Sir John Hersehel J, that the whole range of 
human hearing includes about nine octaves. 

• Freda Elementaire de Physique, vol. i. p. 324. 

t Phil. Trans. 1820, p. 306. 

X Encydopadia Metropolilann, art Sound, p, 792, 



Now, oa comparing the ran^e of human 
hearing with that of vision, we find the relative 
limits of the two senses to be as follows: — 

Eye. Ear- 

Commencement of sensibility - I - 1 

Cessation of ditto - - - l/^j - 102-i 

It is highly probable, however, that the 
range of human vision, like that of hearing, is 
subject to variation in different individuals. 

From these observations, then, it will be 
understood, that, according to the undulatory 
theory, the colour of the light depends on the 
lengths of the waves, or on their number in a 
given time. Thus red has the largest waves, 
and, therefore, the smallest number in a given 
time ; while violet has the shortest waves, and, 
therefore, the greatest number in a given time. 

The intensity of the light depends on the 
amplitude or extent of excursion of the ethe- 
real molecules from their points of rest; or, in 
Otber words, en the height of the wave. Just 
as when we make a cord sound, we find that 
the sound diminishes in proportion to the di- 
minution of the amplitude of the oscillations. 

Velocity of the Propagation of the UnduJu' 
tiona. — When we speak of the velocity of light, 
we always speak of the velocity of its propaga- 
tion ; this must not be confounded with the 
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alisolute velocity of the ethereal molecules, in 
their vibrations. 

The velocity of the propagation is the promp- 
titmie with which the motion is communicated 
from one stratum to another; it is independent 
of the intensity of the vibrations. Thus the 
sliffhtest light is prop^ated with the same 
intensity as the brightest (Fresnel). 

The velocity is affected by the medium in 
vphich the light is propagated. In some bodies 
the elasticity of the ether is less, and con- 
sequently the velocity is also less. This 
difference is in fact the cause of refraction 
{Herschel). 

The length of the wave affects the velocity. 
Mathematicians long held that the propagation 
was the same for all lengths. But observation 
has proved that different colours are differently 
refracted : M. Cauchy has, however, removed 
the difficulty ; and it is now admitted that the 
velocity of propagation varies with the length 
of the wave ; being less for the shorter waves, 
greater for the longer waves. 

[This is, in fact, a subject of great interest 
as well as difficulty. In a word, according to 
the earlier views of the undulatory theory, 
light of all colours ought to be equally re- 
fracted, which we know it is not. M. Canchy, 
F by taking a slightly different view, while he 
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includes the explanation of other pbc 
just as in the previously received view of the 
theory, makes it also extend to this case, and 
shows that in general li^'ht of different colours 
(i, e. wave lengths) ought to be unequally re- 
fracted, as in fact it is. When we come to 
numerical results, this is found to apply ex- 
actly to all media in which accurate observa- 
tions have been made of moderate dispersive 
power. But when we advance to tliose of 
very high dispersive power, there are consider- 
able discrepancies from theory. It has been 
shown, however, that an empirical alteration 
of the formula will inc!ude these cases, while 
it applies equally well to tJie others. But 
this empirical alteration is not justified by 
theory. 

This may be considered as the exact present 
state of the investigation. For particulars 
the reader is referred to Prof. Powell's trea- 
tise on the Undulatorj Theory, &c., before 
mentioned.] 

[The mode in which the refraction takes 
I place, and the contraction of the waves on en- 
l tering a denser medium, may be illustrated by 
I the annexed diagram {^g- 26.). For experi- 
i mental proof that the wave lengths are con- 
l.tracted in the denser medium, see Phil. Mag., 
t Dec. 1832.1 
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The nature of vibra- ^^S- 26 

tions generally, as ex- 
hibited by a stretched 
cord, may be considered 
as threefold: — 

1. Transversal, or 
when each particle moves 
in a direction at right 
angles to the length of 
the string. 

2. Longitudinal, or 
when the motion is by expansion and contrac- 
tion along the length of the string. 

3. Rotatory, or around the axis in a spiral 
form. 

These varieties are well illustrated by Prof. 
Fig. 27. 





August's apparatus, the prindple of which is 
represented in the annexed sketch. It consists 



84 OS THE POLARIZATION Ol' LIGHT. 

of a weight which stretches a spiral wire, which 
s confined at any one point by a ring capable 
of being' adjusted to any height. 

1 . If the wire be at its full length, on pulling 
it in the middle, it vibrates transvernely. 

S. Raising the ring, raise and then let go 

the weight, and the wire vibrates longitudinally. 

3. Twist tlie vrire and then allow the weight 

suddenly to fall, and we get the rotatory or 

spiral vibration. 

If a series of bodies or molecules be each 
in a state of vibration, and each at tlie same 
instant be in a different stage, or phase, of its 
vibration, and this in a regular order of suc- 
cession, so that at the same instant the first 
molecule is at the eomraencenient of its vibra- 
tion, the next a little advanced, the third still 
more, &c., &c., the assemblage of these mo- 
tions constitutes a wave. Each molecule per- 
forms its own vibrations in its own path, from 
which it does not deviate ; but the wave moves 
on, or the form assumed by the configuration 
I of the molecules at each moment passes on to 
L the next set, and so on. To illustrate at once 
I the performance of these vibrations of several 
I difierent kinds, and the resulting propagation 
I of waves of corresponding kinds, Prof. Powell 
f Jias contrived a machine as follows. It is 
bunded upon this geometrical construction : a 
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finite line, P Q, moves always through the 
point C, and with its end P always in the cii 
cumferenco of a given circle, wliose p^_ ag, 
centre is A ; the end Q will describe 
a certain curve, which appears upon 
analysis to be one of a high order, 
but having ('« general some sort of 
oval form, whicli varies as the dis- 
tance A C is altered. If A C be 
very great compared with the radius 
of the circle, Q, will move up and 
down, almott in a straight line : if 
A C be somewhat less, its path will 
TeaemMe an ellipse ; if still less, it 
will be more rounded or resemble a 
circle. 

Upon this the machine is constructed as fol- 
lows (A and C correspond in both diagrams) : — 

The lower part consists of a stout iron wire 
bent into a series of cranks, of which the two 
extremes are in the same position, e. g, down- 
wards; the middle one vertical, and the inter- 
mediate ones at intermediate inclinations. At- 
tached to each crank by a hinge or joint, is a 
long rod, R R', §t., which passes through an 
aperture in a cross-bar, C C, at the top. The 
top of this rod is made conspicuous by an ivory 
ball or a ball painted white, B, the rest of the 
apparatus being painted black. The bar C C 
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is attached to the supports AC A' C, by screws, 
and can be removed (without changing the rods) 




from I> D to the positions D' I>', or D" D". 

The proportions of the machine are not esseti- 
tial, but only that the lengths of the rods 
should be great compared with that of the 
cranks. When the bar is at D D, on turning 
the handle, a plane polarized wave is produced 
by the balls; when at D'C an elliptical one; 
and when at D"D" a circular one — that is, 
what, for illustration, and to the eye, may be 
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considered so. If the distance A D" be eigh- 
teen inches, A D' should be about twenty-four, 
and A U about thirty-six inches ; but these are 
not material as to exactness. Fig. 39. represents 
this machine in its oiigiual simple and effeclire 

Transversal Vibrations. — I come now to a 
most important part of the undulatory hypo- 
thesis — that by which the phenomena of po- 
larized, as distinguished from those of common, 
or unpolarized, light are accounted for. I refer 
now to the hypothesis of transversal vibrations, 
first suggested, I believe, by Dr. Young, but 
moat admirably developed and applied by 
Fresnel. 

" The existence of an alternating motion of 
some kind, at minute intervals along a ray, is," 
says Prof. Powell f, "as real as the motioa 
of translation by which light is propagated 
through space. Both must essentially be com- 
bined iu any correct conception we form of 
light. That this alternating motion must have 

* [Some attempts at improvement on it profeas to 
diapcnae with the traoks : but if tliere were not really a 
crank, or what ia equivalent to it, the eaeential priociple 
of the instrument would be lost, as the bolU could not 
revolve in oval curves.] 

f A Qeneral and Eletneiilary Vica of the Vtidulatory 
Theory, p. 4. 
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reference to certain directions transverse to that 
of the ray is equally establislied as a conse- 
quence of phenomena, and these two principles 
must form the basis of any explanation which 
can be attempted." 

Ill order to understand transversal vibrations, 
let us first consider how waves of water, and of 
other liquids, are formed. If a stone be thrown 
into a pond, there is formed a system or group 
of waves, which commences at the spot where 
the stone impinges, and gradually extends out- 
wards in the form of concentric circles.* The 
aqueous particles in the centre are forced down, 
and the surrounding ones thereby urged up- 
wards above the normal level of the water. In 
this way the central depression, and the first 
or innennost circular heap, are formed. But 
gravity soon causes this heap to subside, and 
fill up the central depression, while by its 
downward progress it acquires momentum, and 
thereby descends below its normal level, thus 
not only giving rise to a circular depre 



" Self-love but atirB the virtuoua mind to wake, 
A3 the small pebble stirs the peaceful lake ; 
The centre moved, a. circle straight succeeds ; 
Another still, and still another spreads." 



^^^^ Pope's " Essay on Man," quoted by Browne, vol. ii 
H pp. 228-9. 
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but causing the formation of another and outer 
circular heap by the elevation of the neigh- 
bouring particles. Id this way the waves gra- 
dually extend outwards. It is obvious, then, 
that in waves of liquids, the directions of vibra- 
tion of the molecules is vertical, or nearly so, 
while the propagation of the waves is horizontal. 

In a vibrating cord, the vibrations are rec~ 
tangular to the propagation of the undulatioia 
along the cord. 

In luminous leaves, the direction of vibration 
is supposed by Fresnel to be transverse to the 
direction of propagation. " If the particles of 
the etlier be supposed to vibrate in the direction 
of the ray itself, it seems inconceivable that 
Buch a ray could bear a different relation to the 
different parts of the surrounding space ; every- 
thing, in fact, would be similar on all sides of 
the ray — above and below, on the nght hand 
and on the left." • The researches of Caucby 
establish the doctrine of transversal vibrations ; 
bis general theory, indeed, includes mathema- 
tically a third vibration, namely, one parallel 
to the ray, or makes the motions of the mole- 
cules take place in three rectangular axes. This 
third vibration, parallel to the ray, 
have no representative in nature. 

Now, polarised light, on the wave hypo- 
• LloyiTs Lectures, p. 25. 
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thesis, is Sight which haa only one plane or 
azimuth of vibration; whereas common or wn- 
polarized light consists of light having two or 
more planes of vibrations, all azimuths, of wliich 
two must be rectangular — that is, after the 
molecules have vibrated in one plane or azi- 
muth, they change their vibration to anotiier 
plane or azimuth. So that common light con- 
sists in a rapid succession of waves in which 
the vibrations taiie place in different planes. 
It does not, however, appear that the planes of 
vibration are conUnually changing; but that 
in each system of waves, there are probably 
several hundred successive vibrations, which 
are all performed in the same plaue ; although 
the vibrations of one system bear no relation 
to those of another. Thus, then, we call that 
light polarized, in which all the vibrations take 
place in one plane ; but when vibrations are 
succeeded rapidly hy other vibrations in an 
opposite plane, the two waves, though sepa- 
rately called polarized, are, together, termed 
unpolarixed or common light ; so that, as Fresnel 
has observed, common light is merely polarized 
light, having two planes of polarization at right 
angles to each other. 

Thus, then, I have now replied theoretically, 
as well as practically, to the i^uestion, " What 
is polarized light f" 
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Partially polarized light consists, according 
to Sir John Herschel, of two unequally intense 
portions; one completely polarized, the other 
not at all. Sir David Brewster, however, re- 
gards it as light whose planes of polarization 
are inclined at angles less than 90^ But to 
the latter view some objections have been raised 
by Mr. Lloyd. 

In the following diagram, let the straight 
lines represent the directions in which the 
ethereal molecules are supposed to vibrate. 
Then A B and C D will represent the direction 
of vibration of the ethereal molecules of two 
oppositely "^polarized rays : A B' C D' the two 
rectangular directions of vibration of a ray of 
common or unpolarized light ; and A''B''CD'' 
a ray of partially polarized light, according to 
Sir D. Brewster's hypothesis. 

Fig. 30. 
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" The difference between a polarized and an 
ordinary ray of light," says Sir John Herschel, 
" can hardly be more readily conceived than by 
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assimilating the latter to a cyliadrical, and 
the former to a. four-sided prismatic rod, such 
as a lath or a ruler, or other long, fiat, straight 

In order to illustrate Fresnel's notion of 
transversal vibrations, and of the hypothetical 
difference between common and polarized light, 
painted card models are very convenient. A 
piece of card-board is cut out in a waved or 
undulated form, so that the curves of the upper 
and lower edges accord. Then, midway be- 
tween these edges, a row of circular black spots 
is painted on the card: these are to represent 
the ethereal molecules, while the card-board 
represents the plane of vibration. A single 
card thus cut and painted serves to illustrate 
a ray of plane-polarized light (fig. 31. A): two 
of them placed side by side, with their planes at 
right angles to each other, B, represent the 
two oppositely-polarized rays produced by a 
double refracting prism, while two so placed 
that they mutually cross represent common 
light, C. 

We are now prepared to understand how 
common light becomes polarized. In the case 
of the doubly refracting bodies the two planes 
separate, for reasons that will be explained in 
the next lecture ; and as the two waves have 
the planes of their vibrations at right angles to 
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eacli other, we see now how the rays are said 
to be oppositely polarized. As lliese two 
waves are propagated with different velocilios, 
they in consequence follow different paths. 
Fig. 31. 




The tourmaline likewise separates the two 
planes ; but it gradually extinguishes the one, 
by offering such an impediment to its progress 
that its vibrations are destroyed. The agency 
of the reflecting plate in polarizing light may 
also he readily accounted for. When a ray 
of common light falls on a transparent surface, 
at a certain angle, its planes of vibration are 
resolved into two, one of which is transmitted, 
the other reflected; both are polarized, hut 
oppositely. 

The action of the analyaer or lent may also 
be easily understood. Suppose the analyzer to 
be a reflecting plute : if this plate be at the 
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same angle to the ray as the polarizing plate, 
the vibrations will be reflected when the planes 
of reflexion of the polarizing and analyzing 
plates coincide — but will be transmitted (that 
is, not reflected) when the planes are at right 
angles to each other. Suppose the analyzer to 
be a tourmaline plate : in one position this 
plate permits the vibrations to he transmitted, 
but in a position perpendicular to this it de- 
stroys them. So that in these two rectangular 
directions the crystal of tourmaline must possess 
unequal elasticities ; for the motion or vibration 
is transmitted in the one, but stifled or de- 
stroyed in the other direction. Suppose the 
analyzer to he a rhombohedron of Iceland spar; 
in either of two rectangular directions the vi- 
brations of the polarized incident ray are pro- 
pagated uncliaiiged, but at an angle of 45° to 
either of these positions, the plane of vibration 
of the incident ray is resolved into two rectan- 
gular planes, each of which forms an angle of 
45° with the incident ray. 

hiterferences of Light. — It is a law iu dy- 
namics, that the velocity produced by two joint 
forces, when they act in the same direction, 
will he as the sum of the forces. Hence if two 
waves, ail of whose parts respectively coincide, 
meet, it is evident that their velocities will be 
doubled. Whether the vibrating medium be 



WAVE HYPOTHESIS. 



95 



water, or air giving rise to sound, or ether 
^ring light, this statement holds good: the 
intensity of the waves is doubled, 

But the velocity of two joint forces, when 
they act in opposite directions, will be as their 
diiferencea. Hence, if a wave (of water, air, or 
ether) be half an undulation behind another 
wave, the velocities of the two are mutually 
destroyed. If two elevations meet in exactly 
opposite directions, an elevation of double the " 
height will be produced: if two depressions 
meet, a depression of double depth will be pro- 
duced; but if an elevation and a depression 
meet, the surface of the fluid will remain un- 
disturbed, each counteracting the other. This I 
mutual annihilation is denominated the inter- 
ference of waves. 

We have an illustration of the same thing 
on a large scale in the tides, the spring tide 
being the sum of the solar and lunar waves 
when they conspire ; the neap tides their dif- 
ference when they are opposed to each other. 
When stones are thrown into a pond, and two 
groups of waves cross each other on its surface, 
there are points at which the water remains • 
immoveable when the two systems are nearly 
of the same magnitude, while there are other 
places in which the force of the water is aug- 
mented by their concurrence. If two sonorous I 
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undulations differ a liitle from each othei 
frequency, they alternately tend to destroy 
each other, and to acquire a double, or, per- 
haps, a quadruple force ; and the sound gra- 
dually increases and diminishes in continued 
succession at equal intervals. This alternate 
intension and remission is called a beat. 

In the same way, the waves of the lumini- 
ferous ether interfere, and, mutually destroying 
each other, cause darkness. This important 
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fact, that under some cir- 
cumstances, light added to 
light causes darkness — a. 
fact apparently latal to the 
projectile theory of light — 
was first established by 
Dr. Young. This distin- 
guished philosopher, whose 
attainments and knowledge 
were insufficiently esti- 
^ mated while he was living, 
passed a sunbeam through 
1 hole (0) made with a 
fine needle in thick paper, 
and brought into the diverging beam a slip 
of card (A B) one-thirtieth of an inch in 
breadth, and observed its shadow (E F) on a 
white screen, at different distances. The shadow 
was divided by parallel bands, but the central 
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line (X) was always white. That these bands 
originated in the interference of the light pass- 
ing on both sides of the card, Dr. Young de- 
monstrated by simply intercepting the light on 
one side by a screen (CD), leaving the rays 
on the other side to pass freely. In this ar- 
rangement ail the fringes which had before 
existed in the shadow immediately disappeared, 
although the light inflected on the edge (A) 
was allowed to retain its course. The same 
result took place when the intercepting body 
was at c d, before the edge B of the body. 
These are the same as the internal bands re- 
presented in fig. 18. 

By a series of wooden sliders, originally con- 
trived by Young*, but put into a very con- 
venient form for use in the lecture-room, by 
my friend Mr. Woodward, the interference of 
waves may be neatly illustrated. By this ap- 
paratus it will be seen that when the difference 
amounts to 2, 4, 6, or other even number of 
half-undulations, the waves coincide and mu- 
tually augment their intensities ; while, when 
the diiference amounts to I, 3, 5, or other odd 
number of half-undulations, there is discord- 
ance and mutual destruction. Now, it will 
be perceived that these numbers coincide with 

* Lectures on Natural PItilosophi/, vol. i. p. 390., plate 
XXV., _fig. 352., D. 
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those referred to by Newton, as expressive of 
his fits of transmission and reflection. 

If two waves of homogeneous or monochro- 
matic light interfere, the result will be an aug- 
mentation or diminution of brilliancy, or com- 
plete destruction. The light is augmented 'when 
the waves accord, hut is lessened or destroyed 
when they are mutually opposed. Hence 
Newton's rings, seen by homogeneous light, are 
merely dark and light bands of one and the 
same colour. 

But if two waves of heterogeneous ot white 
light interfere, the result will be the production 
of vivid coloured fringes. Certain colours are 
destroyed, while others remain or have their 

t brilliancy augmented. 
To this class of phenomena belong all those 
varied instances of diffraction to which we 
have before alluded. The general principle of 
interference may be stated under the two fol- 
lowing heads: — 
1. If two waves coincide or conspire in their 
movements at all their parts, the velocities of 
the vibrations, and consequently their inten- 
sities, will be doubled. 
2. If the waves of one series be half an un- 
dulation either in advance or behind another 
'es of waves, the velocities of the vibrations, 
onsequently their existence, are destroyed. 
m » 
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3. If waves of unequal leugth interfere, they 
cannot destroy each other. Their relative po- 
sition throughout the group is not the same; 
and, though some vibrations are destroyed, 
others are augmented, and some are inter- 
mediately affected. Hence would be produced 
an effect analogous to the beat in music : 
but tiiese alternations of weaker and stronger 
succeed each other with prodigious rapidity 
and produce in the eye a continuous sensation 
only. (See Fresnel, p. 125.) 

[On the wave hypothesis we can easily explain 
the phenomena of diffraction before described. 
In the annexed diagram let light originate 
from a luminous point O, and diverge in cir- 
cular waves from O as a centre, portions of 
which are represented by the concentric circular 
arcs ; tlie dark lines corresponding to the crests 
of the waves, the dotted lines to the depres- 
sions. (See^j. 33.) 

Now let such a series of waves encounter 
an obstacle A. At its edge a new set of waves 
will commence diverging in like manner in a 
circular form and similarly represented in the 
diagram. But the original waves also ci 
tinning to be propagated, these last will cr 
and interfere with them ; and upon inspecting 
the figure it will be seen, that at all the points j 
where a dark line crosses a dotted ■ 
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will be a diicordance or mutual destruction 

of the waves, viz. at the points marked O ; 

Fig. 33. 




and wherever a dark line crosses a dark line, 
or a dotted a dotted line, there will be a point 
of accordance or double intensily marked +. 
Thtis, if the light be received on a screen S 
at any distance, the image will consist of a 
series of bright and dark points at alternate 
distances from the edge. 

What is here shown of one edge is easily 
extended to the case of two forming an aper- 
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ture, or two opposite edges of the same opaque 
body, within whose shadow, in like manner, 




dark and bright stripes will be produced as in 
Dr. Young's experiment (_fig. 33.). 

It was also on the very same principle M. 
Arago established the abstract proper^, that 
any two rays originating from the same point 



102 OW THE POLARIZATION OF LIGHT. 

will iDterfere, if made to cross at a very small 
angle, without reference to the edge of any 
opaque body, either by reflexion from two plane 
mirrors •eery slightly inclined to each other, or 
by passing through a very flat prism, when. 




L 



in either case, a set of fine and well-defined 
dark and bright stripes are produced, and may 
be seen magnified by an eye-lens. The sun's 
light must be used, brought to a focus by a 
lens fixed in the shutter. The refieetors may 
he halves of the same piece of glass laid on a 
table, and one slightly pressed at its edge.] 

We come now to another very important 
case of interference. It is a law in dynamics, 
that a body acted upon by two forces united 
will describe the diagonal of a parallelogram 
in the same time in which it would have de- 
scribed its sides by the separate action of 
those forces. Hence, if two waves whose mole- 
cules are in the same phases of vibration, hut 
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whose plaoeB of vibration are more or less 
angular, say rectangular, to each otlier, the 
only effect produced is an alteration of the 
plane of vibration. 

Fresnel established the law, that " two rays 
of light, polarized at right angles to each other, 
exhibit none of the phenomena of interference ;'' 
that ia, they produce no colours of fringes. 
But under certain conditions they will pro- 
duce other effects, and these of a very remark- 
able kind. In a word, the superposition of 
two rectilinear vibrations at right angle.s to 
each other, if they differ by \ of a vibration 
in their phase, will produce, not a rectilinear, 
but a circular vibration. 

It is often a difficult thing for the student 
to conceive how it 
is possible, by a 
combination of two 
rectilinear motions, 
to produce curvi- 
linear: the follow- 
ing mechanical illus- 
tration, therefore, 
may not be use- 
less, devised by the 
Editor, andof which 
no account has 
(See/ff. 36.) 
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An arm, F attached to any convenient support, 
terminates in two branchea, on which, by the 
pivots G,G', a small frame swings: in this frame, 
by the pivots H, H', whose axis is at right 
angles to G, G', a pendulum P can vibrate, 
having a weight at its lower end"; and its upper, 
carried up to any convenient height, is termi- 
nated by a white ball, in order to render its 
motion conspicuous in the lecture-room. 

Now, it is evident that, by means of the 
pivots H H', the pendulum can only vibrate in 
the plane of C D. Again, by the pivots G G' 
it can only vibrate in the plane of A B at right 
angles to the former. If now motion be com- 
municated to it in one of these planes, and at 
an instant after in the other, the result of the 
compound motion in this discordance will be 
that it vibrates in the ellipse E E', which will 
be a circle if the interval be exactly ^ of a 
vibration,] 

Thus, if we have a series of such vibrations 
forming two plane waves of equal intensity, 
polarized at right angles, and differing in their 
progress -jr of an undulation, the result in theory 
is a circular wave. Now, in order that you 
may comprehend how we practically effect the 
circular polarization of light, I must beg of you 
to keep in mind these statements. Remember, 
that to convert plane -polarized into circularly 
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polarized light, two conditions are necessary, 
namely, 1st, the existence of two systems of lu- 
minous waves of equal intensity, polarized per- 
pendicularly to each other; and, 2d!y, a differ- 
ence in the paths of these two systems of an 
aneven number of quarter-undulations. Now, 
whenever these two conditions are satisfied, cir- 
cularly polarized light results. But how are we 
to satisfy them ? By so doubly refracting plane 
polarized light that the two resulting waves 
shall differ in their path an odd quarter-un- 
dulation, 

There are five modes of effecting the circular 
polarization of light,' that is, of satisfying the 
conditions above mentioned ; hut they all agree 
in acting on the principle now laid down, 
namely, that by them plane-polarized light is 
doubly refracted, and two rectangidarly pola- 
rized waves produced, which differ in their 
path an odd quarter-undulation. 

1. FresneFs Method. — Fresnel effected the 
circular polarization of light by means of a 
parallelopiped of St. Gobin (crown) glass [fig, 
37), whose acute angles B and C are about 
54° and consequently whose obtuse ones A and 
D are about 1 26°. This apparatus is commonly 
called Fresnel's rhomb. If a ray it of plane po- 
larized light be incident perpendicularly on the 
face A B, it will suffer two total internal re- 
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flections at an augle of about St", one at E, 
the other at F, and will emerge perpendicularly 
Fig. 37. from the face D C. If the 

first plane, B D, of internal 
reflection he inclined 45° to 
the plane of polarization of 
the incident ray, a, the 
emergent ray, c, will be cir- 
cularly polarized, or at any 
other inclination, ellipti- 
cally. 

It is hence also apparent 
that, hy reversing the ex- 
periment, or causing cir- 
FrBsueVa Rhtmh. cularly polarized %ht to 
^j^^^CD. Fresnel's ^^^g, ^^,5 rhomb, it will 
Q. Incident ray of emerge rectilinearly pola- 
plane polariued light, rized, ivith its plane of pola- 

b. Depolarized ray. ... , - ' t c 

c. Cirklwly polar- "zation making an angle of 
ized ray. + 43° or — 45° with the 
plane of reflection, according as the incident 
light was right or left-handed. 

Let us now endeavour to explain this pheno- 
menon according to the wave hypothesis. 

So long as reflection is partial, whether per- 
formed at the flrst or second suiiace of the 
diaphanous medium, the incident light suffers 
only a deviation from its plane of polarization, 

thout having its primitive properties altered, 
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whatever may be the azimuth of its plane re- 
latively to that of the plane of reflection. 

But when the reflection is lotal the case is 
very different. The reflected rays then have, 
in general, suffered partial depolarization, espe- 
cially if the plane of reflection is in an azimuth 
of 45° relatively to the primitive plane of pola- 
rization. Now, a ray of light thus modified, 
or depolarized as it is termed, may be repre- 
sented by two rays polarized, the one according 
to the plane of reflection, the other perpendicu- 
larly to it. In other words, the incident-polarized 
ray {jig, 37., a) is resolved by reflection into 
two rectangularly plane-polarized rays (S), the 
planes of which are inclined respectively, the 
one 45° to the left, the other 45° to the right, 
of the plane of polarization of the incident ray. 

But it is obvious that the reflection of these 
two rectangularly polarized rays must be ef- 
fected at diff'erent depths, and, therefore, under 
very difl^erent circumstances. The ray whose 
vibrations are performed parallel to the reflect- 
ing surface will glide, as it were, on the surface, 
and be reflected in astratum of uniform density; 
whereas the ray whose vibrations are performed 
perpendicularly to the reflecting surface, will 
penetrate to a greater depth, and pass into 
strata of varying density. The latter ray will, 
therefore, suffer a greater retardation than the 
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one wiose vibrations are performed parallel to 
the reflecting surface.* 

Now when, in the case of Presoel's rhomb, 
the plane of the first reflecting surface is in an 
azimutli of -15° to that of the incident ray, the 
retardation is equal to ^th undulation. The 
same ray is farther retarded another ^th undu- 
lation by the second reflection ; and now differs 
in its phase from that of the other ray ^th of 
an undulation. 

Thus are obtained the conditions necessary 
for the formation of a ray of circularly polarized 
light; namely, two plane rays of equal intensity, 
polarized in planes perpendicular to each other, 
and differing in their path ^th of an undulation. 

2. Airy's Method. — If a ray of plane pola- 
rized light be transmitted through a lamina of 
either mica or selonite of such a thickness that, 
for a ray perpendicular to the lamina (that is, 
the ray polarized in the plane of one of the 
principal sections of the mica), the ordinary ray 
ahall be retarded an odd or uneven number of 
quarter-undulations, as ^th, ^ths, or |ths (ac- 
cording to the convenience of splitting), more 
than the extraordinary ray (that is, the ray 
polarized in the plane of the other principal 
section), the emergent light will be found to be 
' * This expknadon must be regarded as somewbat 
hTpothetical . — Ei>. 
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circularly polarized. In this case the incident 
light is resolved into two sets of vibrations at 
right angles to each other, and one of these is 
retarded in its phases more than the other. 

Between this and Fresnel's method of effect- 
ing circular polarization there is this difference: 
in Fresnel's rhomh the retardation of the one 
ray is nearly the same for all colours, that is, 
for waves of different lengths. But in the case 
of the lamina of mica or selenite the retarda- 
tion is greater for blue rays than for red rays. 
" This is seen most distinctly on putting se- 
veral such laminEB together [in the same crys- 
talline position], when the light which is re- 
flected from the analyzing plate is coloured ; 
whereas, on putting together several of Fresnel's 
rhombs, there is no such colour. It is plain 
that, in substituting such a lamina for Fresnel's 
rhomh, the plane of polarization of that ray 
which is least retarded corresponds to the 
plane of reflection in the rhomb." 

3. Dove's Method, — This consists in trans- 
mitting plane polarized hght through glass to 
which a certain degree of doubly refracting 
power has been communicated by pressure, or 
by rapidly heating or coohug it. 

It has been shown that well annealed glass 
acquires doubly refracting properties when 
compressed; that unanuealed glass possesses 
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aimilar properties; and also that during the 
time that glass is rapidly heating or cooling it 
is likewise a double refractor. 

Of the two systems of waves which are thus 
obtained, one is polarized in a plane parallel 
to the axis of compression, the other in a plane 
perpendicular to it 

Now, if the degree of doubly refracting 
power thus communicated to glass be just suf- 
ficient to effect the retardation of one of the 
systems of waves ^ of an undulation, we obtain 
a structure fitted for converting plane-polarized 
into circularly polarized light. 

" If a square or circular plate of glass," says 
Dove, " be compressed so that the axis of com- 
pression forms an angle of i-S" or 135° with the 
plane of primitive polarization, the light pass- 
ing through the centre of tbe glass at a. certain 
degree of the pressure will be circularly pola- 
rized. During a complete revolution of the 
plate in its plane round the perpendicular in- 
cident ray as an axis of revolution, the light is 
polarized four times rectilinearly and four times 
circularly : rectilinearly when the compressing 
screw acts on the points 0", 90°, 180°, 270°, 
that is to say, when the axis of compression is 
perpendicular to the plane of primitive polariza- 
tion, or lies within it; and, on the contrary, it 
is polarized circularly when that point of action 
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corresponds to the points of diviBion, 45°, 136°, 
225°, SIS", whilst 45°, and 225°, as also 135°, 
and 315°, exhibit a similar effect." 

These statements may be rendered more in- 
telligible by the following diagram : 
Fig. 38. 




If light, rectilineatly polarized in the plane 
0° 180°, or in that of 90° 270°, be incident on 
a circular disk of compressed glass Ifig. 38. 
ABC D), the emergent light is rectilinearly 
polarized when the axis of compression is 
either 0° 180°, or 90° 270°; but is circularly 
polarized when the axis of compression is 
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either 45° 225°, or 135° 315°. At all inter*"! 
mediate azimuths it is ellipticallj polarized. 

The degree of compression to which the 
glass is to be subjected to produce these 
effects, is such that, when the compressed glass 
is placed in the polariscope, with the tourma- 
lines crossed, a black cross is seen with hlond- 
white vacant spaces in the corners. 

Unannealed glass possessing the same de- 
gree of douhlj" refracting power acts in a 
similar manner to compressed glass. 

Annealed glass, while either rapidly heating 
or cooling, likewise gives rise to similar effects 
at the time when its doubly refracting power 
is just equal to that of the compressed glass 
above described. 

Airy's Analysis for circular ly polarized Light. 
■ — To distinguish right-handed from left-handed 
circularly polarized light, Mr. Airy contrived 
an analysis which suppresses the one and 
transmits the other. " It is well known," lie 
observes, " that if circularly polarized light is 
incident on Fresnel's rhomb it emerges plane 
polarized, and the position of the plane of pola- 
rization at emergence makes an angle of -J- 45° 
01—45° with the plane of reflection, according 
as the incident light was right or left-banded. 
Let the light emerging from the rhomb be te- : 
ceived on an unsilvered glass at the f 
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angle, wliose plane of reflection makes an angle 
of + 45° with that of the rhomb. Now it is 
plain that, if the light incident on the rhomb 
was right-handed it becomes plane-polarized in 
the plane of reflection of the glass, and there- 
fore is wholly reflected ; if it was left-handed, 
it becomes plane- polarized in the plane per- 
pendicular to the plane of reflection of the 
glass, and therefore is wholly suppressed." 

It is then obvious that this combination of 
Fresnel's rhomb and an unsilvered glass at+iS" 
or — 45" would form an analyzer for circularly 
polarized light. But as the rhomb is incon- 
Tenient on account of its length, Mr. Airy has 
substituted " a plate of mica of such thickness 
that the ray polarized in the plane of one of 
its principal sections is retarded either ^th, ftlis, 
or 4tli3 of a wave length (according to the con- 
venience of splitting) more than that polarized 
in the plane of the other." 

The mica being attached to the unsilvered 
glass, so that its principal section makes i 
angle of 45° with the plane of reflection, f 
analyzer is produced which answers the san 
purposes in general as that described above. 

On the wave hypothesis, in circular pola- 
rization the molecules vibrate or revolve uni- 
formly in circles, and the form of the wave is 
therefore that of a circular helix. 



114 ON THE POLARIZATION OP UQHT. 

Sut, apart fiom all theoretical ideas, the 
name is an appropriate one ; for, unlike the 

rays of plane -polarized light, those of circular 
polarize d-liglit have no dutmction of gides, or 
in otlier words no particular relations to certain 
regions of space, but present similar proper- 
ties on all sides. 

In this property also circularly polarized 
light agrees with common or nnpolarized light, 
but differ from plane or rectilinearly polarized 
light. 

Analyzed by a doubly refracting prism of 
Iceland spar, a ray of circularly polarized light 
gives constantly two equal images, in whatever 
plane the principal section of the prism be 
placed. For, as already stated, a ray of cir- 
cularly polarized light is the resultant of two 
rays whose vibrations are at right angles and 
differ by a quarter of an undulation; and, 
therefore it must give equal images of the 
doubly refracting prism, in the same way that 
common or nnpolarized light does ; for the dif- 
ference of phases has nothing to do with this 
character. In this respect circularly polarized 
light agrees with common or unpolarized light, 
but is distinguislied from plane-polarized light, 
which in certain positions (before specified) 
yields one image only. 

1. A ray of circularly polarized light is 
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capable of reflection from a plane glass in 
every azimuth of the plane of reflection ; for 
the circular vibrations of the ethereal mole- 
cules may be resolved into two equal rectilinear 
vibrations, one parallel, the other perpendicular, 
to any arbitrary plane. By this property, then, 
circularly polarized light differs from plane, 
but agrees with unpolarized light. 

2. A ray of circularly polarized light is ca- 
pable of transmission through a plate of tour- 
maline in every aaimuth ; for in this case also 
the circular vibrations resolve into two as 
before. One of these vibrations is transmitted 
by the tourmaline, the other suppressed. 

Elliptically polarized light is produced when 
two rectangular systems of waves of equal in- 
tensity differ by a fractional number of quarters 
of an undulation. The wave so formed is like 
an elliptical belix. 

There are several modes of procuring ellip- 
tically polarized light If in Fresnel's rhomb, 
the angle between the planes of incidence 
and polarization be any other than 45°, the 
emergent ray is elliptically polarized. 

Airy's method of producing circularly po- 
larized light will give elliptical, if the mica plate 
be placed in an azimuth between that which 
yields circular and that which gives plane- 
polarized light. 
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Compressed or unannealed glass also givea 
elliptical polarization by Dove's method. 

Plane-polarized light reflected from metals 
becomes elliptically polarized ; that from silver 
is almost circular, that from galena almost plane. 
If elliptically polarized light be analyzed by 
the Nicol prism, &c., it never vanishes, though 
at alternate positions it becomes fainter ; and is 
thus distinguished both from plane and cir- 
cularly polarized light. — If analyzed by calc- 
spar, in like manner neither of the images 
vanishes, but tbcy undergo changes in intensity. 
We have already shown that if two systems 
of waves of equal intensity, and polarized in 
rectangular planes, differ in their progress ^ of 
an undulation, the compound movement which 
they will communicate to each molecule, instead 
of being rectilinear, as in the two fasciculi con- 
sidered separately, will be circular, and will be 
performed with uniform velocity. But if the 
difference of progress, instead of being an even 
or an uneven number of ^ths of undulations, 
be a fractional number, the vibratory move- 
ments will he neither rectilinear, nor circular, 
but elliptical. 

Here is an apparatus (Jig. 39), contrived by 
Professor "Wheatstone, which illustrates how 
two rectangularly polarized rays of light may 
influence each other. It consists of a series of 
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rods disposed horizontally in an undulated 
form, so as to represent a system of plane 
waves. One end of each rod is render con- 
spicuous by a white ball ; and it will be seen 
that, as now arranged, all the balls (which re- 
present a line of etherial molecules) are in one 

Fig. 39. 






plane A. If now a block of wood B, cut so 
as to represent a system of plane waves of 

I 3 
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equal size to those represented by the rods, be 
pressed against the balls, so that the systems 
of waves act on each other in a rectangular 
direction, then, when the waves coincide, the 
plane in which the balls lie changes, and 
becomes diagonal, as in C; whereas, if the 
block be so applied to the balls, that the two 
systems of waves do not coincide, then the 
balls no longer remain in one plane, but be- 
come placed in a helicoidal manner, represent- 
ing a circular or elliptical wave, as in D.* 

With these remarks I finish the theory of 
light, and have now arrived at the subject of 

Coloured Polarization. 

* It should be noticed that the apparatus of Prof, 
Wheatstone has far more extensive applications than 
those here described : but these are perhaps sufficient 
for the purposes here in view. — Ed. 
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COLOURED POLARIZATION. 

When an excessively thin film of a doubly 
refracting crystal is placed in the polariscope, 
that is, between the polarizing and analyzing 
plates, the most gorgeous colour or colours 
appear, and when the analyzer is rotated on its 
axis they change to complementary tints. If 
the film be of uniform thickness, the colour is 
uniform ; but if the film be of irregular thick- 
ness, difierent colours are peceived. 

In order to produce colour, it is necessary to 
use, first, a polarizer^ as a tourmaline, a doubly 
refracting prism, or a reflecting plate ; secondly, 
difilm of a doubly refracting crystal^ called the 
depolarizer ; and, thirdly, an analyzer or test, 
as a tourmaline, a reflecting plate, or a doubly 
refracting prism. 

The office of the polarizer is indicated by 

its name ; it polarizes the light. Without this 

no colour is perceived, for a reason which will 

be hereafter explained. 

I 4 
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The use of the analyzer is to resolve the 
emergent light into two parts ; of which one is 
suppressed, and the other, at least a definite 
portion of it, is wholly reflected to the eye. 

By the common analyzing plate (an unsil- 
vered glass reliector at the polarizing angle, or 
a plate of tourmaline, or a doubly refracting 
prism considered with reference to one pencil 
only) the emergent light is resolved (accord- 
ing to Fresnel's theory) into two sets of vibra- 
tions, one parallel to, and the other perpen- 
dicular to the plane of polarization of the 
analyzing plate : the former of these is wholly 
suppressed, and the latter is wholly transmitted 
to the eye. 

The doubly refracting film, called the depo- 
larizer, receives the light thus polarized, and 
doubly refracts it. That is, a system of waves, 
constituting the incident ray, entering the 
crystalline film, is resolved into two systems of 
equal intensities within it. These form respec- 
tively the ordinary and extraordinary rays 
[Jig- 40, and E). They are polarized in 
planes +45° and— 45° to that of the incident 
system, so that the plane of polarization of the 
ordinary system forms angle of 90° with that 
of the extraordinary system. 

Now, the two systems of waves thus pro- 
duced traverse the crystal in different directions 
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and with different velocities ; but, as the 
or plate is excessive thin, they emerge super- 
posed. One set proceeds through the crj^stal 
more slowly than the other ; or, in tlie language 
of a distinguished writer on this subject, one 
set lags behind the other ; so that at their emer- 
gence they are found to be in different phases 
of vibration. 

By the analyzer each of the two systems (O 
and E) is resolved into two other systems (Oo 
Oe and Ee Eo), so that now four systems or 
two pairs are produced. 

But the vibrations of these four systems are 
made in two planes : that is, two in one plane, 
and the other two in a second plane, which is 
rectangular to the first. Now, as the two 
vibrations which arc made in the same plane 
are not in the same phase (the one system 
having suffered a greater retardation than the 
other), the waves interfere and produce colour 
(if the incident light be while). Bui the two 
vibrations of the one plane conspire, while those 
of the other plane are opposed. Hence the tint 
or colour produced by the interference of the 
waves in one plane, is complementary to that 
produced in the other plane. So that if the 
analyzer he a doubly refracting prism, both com- 
plementary colours are seen by transmission J 
but if it be a reflector, one is reflected and the 



4 



r THE POLARIZATION 0? LIGHT. 

other transmitted ; whereas, if it be a tourma- 
Une, one is transmitted, while the other is 
suppressed, extinguished or stifled. 
Fig. 40. 




Produelum of Complementary Tints. 

A. A my of common or unpolarlzed tight mcidcnt 
odB. 

B. The polarizer (a plate of tourmaline). 

C. A ray of plane -polarized light incident on D. 

D. The doubly refracting film or depolarizer. 

E. The estraordinary ray 1 produced by the double 
O. The ordinary ray. J refraction of the ray C. 
G. The analyzer (a doubly refracting prism). 

Eo. Th. ordin.,, r.y 1 P"''™?. »J f,' doubU 

■Pa Tl.n n«.,™^-;i;„„i -„ r refractionof theextra- 
Ee. The extraordinary ray J ordinary ray E. 

Oo. The ordinary ray \ P^°^^':^^. t>? f'X "^""^'^ 
Oe. The extraordinjy rayj ^^'"'^^''"0°'^ ^^ °^^- 

To render somewhat more intelligible the 
I catise of the colours being complementary, and, 
\ therefore, to explain what is meant by the 
I conspiration and opposition of vibrations, let us 
r suppose the vibrations of the polarized light 
J. 40.) to be made in tlie plane C P, 
'ff, 41. ; and, to give more precision to our 
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The dc^clj rerictzz^ fjzi rrfscir-es rr>-";« 
motiGn iiLCG zw^z ether mcivirs, rer:v;.rr::ec a; 
light angles to each G(iar, cr.± iz zie iir^fc* 
lion C O, tie cxhsT in. ie cfzecrfcn C E- Tio 
waves procuced by zLi TToradcris in ie p.lic^ 
C O we shall sirppcse la cciLstf:x::e ie ^y\ii* 
nary srsrem, while those in the pLme C E 
form the exirar/rdinarv srstem. Bur die pidto 
is much too thin to hare produced between 
these two systems any sensible separauon* 

Each of these motions is resolved bv the 
analvzer into two others at ri^hi angles lo 
each other. That is, the vibration C O is To- 
solved into the vibrations O Oo and C IV ; 
while the vibration C E is resohevl into iho 
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colour ooiresponds to tlie difEerence plui half 
an undulatiGii. 

But it may be asked, Wliat is the use of 
the polanang plate ? What is the reason that 
no colour is perceiTed if the light which is 
incident on the double refracting film be com- 
mon or unpolarized ? To explain this, let us 
suppose that a ray of common or unpolarized 
light consists of two rays rectangularly pola- 
rized* Each of these rays will suffer the same 
series of divisions, subdivi^ns, and interfer- 
ences as the former; but the tints produced 
by the one ray will be complementary to those 
of the other ; so that we shall thus obtain two 
pairs of complementary tints ; and as the tints 
of each pair will emerge superposed, they will 
neutralize each other, and the resulting light 
will be of uniform whiteness. 
Thus, 

lit PAiK or 9d p&ift or 

TIHTS. TIKTB. 

Suppose tlie two complementary tints 

produced by one ray to be - - Green and Redl 
Those produced by Qie second ray 

willbe ----- Red " Green. 



And the sum of each pair will be - White- White. 

For red and green are complementary tints, 
and produce by their union white light, as I 
have already demonstrated. 

The office of the doubly refracting film. 
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called the depolarizer, is to doubly refract the 
polarized light. It prepares the rays for the 
changes which they have ultimately to undei^ 
and by which colour is to be produced. The 
thickness of the film or crystalline plate deter- 
mines the tint; but the actual thickness re- 
quired to produce a given tint depends on the 
nature of the crystah By this plate or filni 
two rectangularly polarized systems of waves 
are produced, which traverse the plate in dif- 
ferent directions and with different velocities, 
and emerge in different phases of vibration. 
Now, as they are superposed, and as the retar- 
dation amounts only to a few undulations and 
parts of an undulation, it might be supposed 
that colour would be produced by their inter- 
ference. But I have already stated that two 
rectangularly polarized rays do not interfere, 
so as to produce colour. In order, therefore, 
to make them interfere, their planes of pola- 
rization must be made to coincide ; and to do 
this is the function of the analyzer. 

In order to assist us in comprehending how 
a polarized ray may be resolved into two others 
polarized in different planes, we may take, as 
an illustration, a stretched cord. Jig. 43. A B, 
dividing at B into B C and BD, making a 
angle with each other at B, and having 
<I unequal tension. Let us suppose the 



extremity A, of the single cord to be made to 
vibrate regularly in either a horizontal or ver- 
tical plane ; now, by means of two polisbed 
guiding planes, E F and G H, inclined at dif- 
ferent angles to the horizon, and making a 
right angle with each other, the horizontal 
vibrations of the cord A B, will give rise to two 
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other vibrations, parallel 
respectively to E F and 
G H. And if we assume 
the two branches B Cand 
BD to be unequally tense, 
the waves produced by the 
vibration oi A B will be 
propagated along them 
with unequal velocity. So 
that this illustration, which 
I have adopted from Sir 
John Herschel's able trea- 
tise on light, serves to ex- 
plain not only how a vibra- 
ri tion in one plane may be 
resolved into vibrations in two other planes, but 
also why the two resulting waves are propagated 
with unequal velocity. 

Though a thin plate of Iceland spar, or of 
any other doubly refracting crystal serves, 
when placed in the polariscope, for the pro- 
duction of colour ; yet certain crystals are pte- 
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ferable to others, on account of the facility 
with which they may be split into thin lanmue, 
Selenite and mica are especially convenient fot 
this purpose ; and the former of these is exten- 
sively employed by opticians in the prepara- 
tion of a variety of beautiful and ingenious 
polariscope iUustrations. On this account a 
brief notice of it is requisite. 

Selenite, or sparry gypsum, is the native 
crystallised kydrated sulphate of lime (Ca 0. 
S Oa + 3 Aq.). It occurs imbedded in London 
clay. It is found also at Siiotover Hill, near 
Oxford, where the labourers call it quarry 
glass, and likewise at the Isle of Sheppey. 
Very large crystals of it are found at Mont- 
martre, near Paris. The crystalline forms in 
which it occurs belong to the oblique rectan- 
gular prismatic system. Haiiy and the late 
Mr. William Phillips describe its primary form 
as a right oblique-angled prism ; so that the 
lateral faces of the crystal are regarded by 
them as the terminal planes. But the optical 
characters of the crystal prove the incorrect- 
ness of the description of these celebrated 
mineralogists: and here, I would observe, is 
an excellent illustration of the great value of 
polarized light to the crystallographer. In this 
particular instance it enables him to distinguish 
a lateral face from a terminal plane of a prism. 
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The crystals of selenite which are most fre- 
quently met with are oblique rectangular 
prisms^ with ten rhomboidal faces, of which 
two are considerably larger than the others 
{Jig. 44. A). They are very easily slit into thin 
laminae {a by Jig. 44. B), parallel to these larger 
lateral faces (terminal planes of Hauy and W. 
Phillips). 

MacleSy or hemitrope crystals of selenite, are 
very common. By hemitrope, a word derived 
from the Greek (from ^jx* half, and rphco I 
turn), is meant a figure produced by cutting 
the primary crystal in two, causing one of the 
fragments to make half a revolution, and then 
uniting the sides actually in contact. The 
most singular and common hemitrope variety 
of selenite is that called arrow-headed selenite 
(Jig. 44. C), and which is so called because 
the crystal is formed like the barbed head of 
an arrow. Its nature may be easily explained. 
Cut a card or thin board in a rhomboidal 
form to represent one of the laminae taken 
from lateral faces of the prism {Jig. 44. D). 
Then divide it in the direction of its greater 
diagonal {a 6), and transpose the separated 
parts in such a manner, that two of the alter- 
nate angles, produced by the diagonal division, 
shall make the point, the other two the barbs, 
of the arrow-heado 

K 
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The optical structure of films or thin plates 

of aelenite, having a thickness of from ^^th to 

the -^ytli of an inch, is very curious. In two 

rectangular directions they allow perpendicular 

Fig, 44. Selenite. 




rays of polarized light to traverse them un- 
changed : these directions are called the neutral 
axes. In two other directions, however, which 
form respectively angles of 45° with the neutral 
axes, these films have the property of double 

brefraction. These directions are usually deno- 
minated depolarizing axes ; but they might he 
more correctly termed doubly refracting axes. 

In order to render these properties more 
intelligible, suppose the structure of the film 

[to be that represented ^J fig- 45., in which the 
seen to be crossed by two series of light 
ines, or passages, the one perpendicular to the 
other. These are to represent the neutral 
txes. We may imagine, that in these direc- 
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lioD3 only can the ethereal molecules vibrate. 
A ray of incident polarized light whose vihra- 
tions coincide with either -of these lines is 
transmitted through the film unchanged. But 
B ray of incident polarized light whose vibra- 
tions form an angle of 45° with these lines, or, 
in other words, which coincide with the dia- 
gonals of the square spaces, suffers double re- 
fraction ; that is, it is resolved into two vibra- 
tions, one parallel with a b, the other parallel 
Fig. 45. Imaginary S^vetare of a Plaie of Selenite. 




with c d, and, therefore, the directions of the 
diagonals of the squares are called the dotAly 
refracting or depolariziiig axes. But the fwi 
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resulting vibrations are not propagated, inftffl 
two rectangular directions, with equal Telodbil 
tlic one suiicring greater retardation thantkl 
other; so that the waves, at their emeigence, 
are in diflferent phases of vibration, thon^ 
they do not interfere so as to produce colour, 
because their planes of vibration are rectan* 
gukr. By the analyzer, however, their planes' 
arc made to coincide, and colour is produced; 
and, on rotating the analyzer on its axis, the 
colour changes and becomes complementary. 

To illustrate these statements, place a film 
of selenite, of uniform thickness, in the polari- 
scope. On rotating the film (the analyzer and 
and polarizer remaining still), a brilliant colour 
is perceived at every quadrant of a circle, but 
in intermediate positions it vanishes altogether. 
We observe, however, that the tint does not 
change, but only varies in intensity. If, now, 
the film be fixed and the analyzer rotated, we 
also observe colour at every quadrant of a 
revolution ; but the tint changes and becomes 
complementary at every quadrant — the same 
tint reappearing at every half-revolution : so 
that when the film alone is revolved one colour 
only is seen, but when the analyzer alone is 
revolved, two colours are seen. 

If we employ, as the analyzer, a double re- 
fracting prism, we observe two complementary 
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disks of colour, and these may be made to cross 
and produce white light, as before shown. 

Effect of revolving the Film of Selenite, 

Jrig. 4b. 



^•V 
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Effect of revolving the Analyzer, 
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The thickness of the film of selenite deter- 
mines the particular tint If, therefore, we 
use a film of irregular thickness, different co- 
lours are presented by different thicknesses. 

A wedge-shaped piece will produce parallel 

s:3 
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bands of colours, and two wedges crossed pre- 
sent diagonal bands. A plano-concave film, 
aa well as a plano-convex film, gives concentric 
rings of colour, the former with a black, the 
latter with a white, centre. 

Fig.iJ. 





PlaU of Selenile of 
uniform Ikichneal. 

Two films superposed do not give the colour 
which would arise from the mixture of tlie two 
colours, but either the colour which corresponds 
to the joint thickness of the films, or that which 
belongs to the difference of iholr thickness. 
When the two films are put together, as they 
lie in the crystal, the resulting colour depends 
on the stim of the thicknesses. But when the 
two films are crossed, so that similar lines in 
the one are at right angles to similar lines in 
the other, the resulting tint depends on tlie dif- 
ference of the thicknesses. These facts admit 
of very beautiful, curious, and interesting illus- 
trations. Thin films of selenite of uniform 
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thickness are so arranged as to slide over 
figures also formed of films of selenite. The 
changes of colour effected in the tints are most 
striking, and to un philosophical minds almost 
magical. 



In tlie opticians' shops are met niih n gie^U 
variety of devices prepared with films of se- 
lenite of diiferent thicknesses, and which con- 
stitute philosophical toys illustrative of the 
Fig. 49. 







before-mentioned facts. Uuthii. wiiiduw.\, f,lais, 
JloweTs, fruits, animals (butterflies, parrots, dol- 
■phins and chameleons), and theatrical figures 
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(Jim Crow, harlequin, &c.), are some of the 
ingenious, and often laughable illustrations 
contrived by Mr. Darker. 

For illustration take the Maltese cross (see Jiff, 
49.). All four arms are of the same thickness of 
selenite ; but two only are placed in the same 
crystallographical position, the other two be- 
ing in a perpendicular position. The tints of 
all four arms are alike ; the centre piece 6 is 
a different thickness. 

If, now, the selenite plate (5) be superposed 
on the cross, the results will be as follows : — 
The colours of 2 and 4 will be the sum of the 
thickness of 2 -I- 5 and 4 + 5, because the 
crystallographical position of 2, 4, and 5 co- 
incide. 

But the colours of 1 and 3 will be the differ^ 
ence of the thickness of 1 — 5 and 3 — 5 ; be- 
cause the crystallographical position of 5 is at 
right angles to both 1 and 3. 

If now the film 5 be reversed, the effects are 
all reversed. 

Test of Double Refraction. — From the pre- 
ceding statements, then, it appears that the 
polariscope becomes a very delicate test of 
double refraction. A very large number of 
crystalline, and other bodies, possess a doubly 
refractive property ; but comparatively few of 
these have it in so high a degree as to present, 
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under ordinary circumstances, the phenomenon 
of double images ; that is, the separation of the 
two systems of ethereal waves is not, in general, 
sufficiently great to be visible to the eye. In 
such cases, therefore, the polariscope is of great 
▼alue, since it enables us to detect the slightest 
d^ree of double refraction. Some doubly re- 
fracting bodies present, in the polariscope, most 
gorgeous colours, as selenite. Others, how- 
ever, which possess the doubly refractive pro- 
perty in a much lighter degree, require the aid 
of a thin film of selenite of uniform thickness. 
Their double refractive property then becomes 
evident by the change which they induce in 
the colour of the film. Without this, we see 
light or dark fringes or bands, or black or white 
crosses, but not colour. 

A correspondent of the author has communi- 
cated some curious observations on polarized 
tints developed under the following circum- 
stances: — He states that a great variety of bodies 
produce colour when placed over selenite in 
the polarizing microscope, provided a biaxial 
prism of moderate separating power be used 
instead of the Nicol prism or tourmaline in an 
analyzer. 

** Thus ar/ bubbles in the balsam, scales of 
insects, sp*;tions of wood, pieces of seaweed, 
&c., which produce no colours under ordinary 
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circumstances are by this plan coloured in the 
most gorgeous style possible ; of course, if the 
object be small, two separate images are seen> 
one red, the other green (or other tints de- 
pendent on the selenite). Animalculse floating 
in water are very interesting objects." 

The field is white in the centre with a 
lunated edge of red on the one side and green 
on the other. 

The peculiarity is, Why are not colours pro- 
duced by the same object, when the tourma- 
line or Nicol prism analyzer is used ? This dis- 
tinction does not seem to be explained. 

Cause of Double Refraction. — Being now in 
possession of an exceedingly delicate test of 
double refractioui we are prepared to enter 
into an inquiry into the cause of this property.. 

Now, we shall find that every body endowed 
with equal elasticity in every direction, is a 
single refractor. Alter its elasticity in any 
one. direction, put it in a state of unequal ten- 
sion, and immediately it acquires the property 
of double refraction. Hence, then, double re- 
fraction may be temporarily or permanently 
communicated to bodies, by temporarily or 
permanently disturbing the equality of their 
elasticity in different directions. 

1. Presmre produces Double Refraction. — 
In fluids (gases and liquids) pressure is equally 
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dirtribnted in all directions, which is obviously 
owing to the facility with which the molecules 
ihift their places. Hence pressure on fluids 
does not communicate to them the power of 
doable refraction. 

In solids, however, matters arc far otherwise. 
Owing to cohesion, the molecules cannot change 
their relative positions ; and, therefore, in this 
fidrm of matter unequal degrees of tension may 
exist in different directions: so that pressure 
Inay be communicated in any desired direction 
without being equally or uniformly distributed. 

Now, a transparent solid, as a well-annealed 
piece of glass, all of whose parts possess equal 
elasticity, is a single refractor ; but if we sub- 
ject such a body to the influence of a compress- 
ing force, it becomes a double refractor, and 
acquires neutral and. doubly refracting (depo- 
larizing) axes ; the former parallel and perpen- 
ilicular to the direction of pressure, the latter 
46° inclined to them. 

■ Let us consider for a moment what must be 
the effect of pressure in any given direction. 
Suppose a rectangular piece of glass {^fig. 50.) 
to be subjected to pressure in the direction 
A B, the immediate effect will be to urge 
the contiguous particles nearer together in this 
direction, and thereby to call into action their 
jrepulsive forces. But it will also urge the 
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particles asunder in the direction C D, thaSJ 
is, in a direction perpendicular to that of the v 
pressure, and thereby to call into operation is 
their attractive forces. Thus, then, it is ob- •%_ 
vious, that a force which, when applied to a :- 
Fig. SO. solid, causes a conden- r^ 

^ ^_ sation in the direction » 

of the force (A B), is - 
attended with dilatation 
or expansion in a direc- 
I tion perpendicular to it 
(C D). In the first 
direction the elasticity 
is a maximum, in the 
" " " second direction it is a 

minimum. Incident light polarized in a plane 
parallel with either of these directions passes 
through unchanged, and these directions are 
called the neutral axes. But if it be polarized 
in a plane inclined 45° to either of these direc- 
tions (that is, in the direction E F or G H), it 
is resolved into two systems of waves, one 
polarized in the direction A B, the other in 
the direction C D. The directions E F and 
G H are, therefore, the doubly refracting or 
depolarizing axes. But the system polarized 
in the plane A B, will proceed more slowly 
(owing to the maximum elasticity in that direo- 
tion) than the system C D (which is polarized 
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Ae direction of the minimum elasticity). 
at their emergence, the two systems of 
lie in different phases of vibration, but 
do not interfere so as to produce colours, 
to the plane of vibration of the one 
rectangular or perpendicular to that of 
[Ae other. When, however, wc apply the 
■lalyjser, and restore these two rectangular 
phnea to a common plane, interference takes 
place and colour results. 

Let us now take the case of a flexed body. 
When I bend a cane or other solid, the convex 
nuface is in a state of expansion or dilatation, 
while the concave surface is compressed. The 
molecules on the convex surface are urged 
asunder, and their attractive forces called into 
operation, while those on the concave surface 
are pressed together, and their repulsive forces 
brought into action. Between these two oppo- 
sitely affected surfaces there is a neutral line, 
where equilibrium exists, and on both sides of 
this the degree of strain augments as we recede 
from the line. Now, if a well annealed, and, 
therefore, single refracting, plate of glass be 
bent, and examined while in the polariscope, it 
will be found to have acquired, while in the 
bent state, double refracting properties. Two 
sets of coloured fringes are perceived, one on 
the convex or dilated side of the plate, and 
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the otber on the concave or cooipressed aide. 
Between these two sets of fringes is a black 
line, indicating the situation where neither 
compression nor dilatation exists, and where, 
therefore, double refraction is absent. 

Thus, then, the polariscope becomes a valu- 
able means of detecting the existence of un- 
equal tension or strains in transparent bodies, 
and Sir D. Brewster has suggested its useful 
application to the determination of the inten- 
sity and direction of all the forces which are 
excited by a superincumbent load in different 
parts of the aicb, as also the intensity and 
direction of the compressing and dilating forces 
which are excited in loaded framings of car- 
pentry. For these purposes, models in glass 
or copal are to be prepared, and the effects are 
rendered visible by exposing the models to 
polarized light. He has likewise constructed 
a chrotnalic dynamometer for measuring the in- 
tensities of forces, founded on the facts already 
stated. It consists of a bundle of narrow and 
thick plates of glass, fixed at each end in brass 
caps. Then when any force is applied to a 
ring in the middle of the plates, the ends being 
fixed, the plates of glass will be bent, and the 
force thus produced is measured by the tints 
that appear on each side of the black line. 

■ the gradual induration, as well as by 
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tlie mechanical compression and dilatation of 
animal jellies, fringes may be produced, as in 
glass. 

2. Unequal heating causes Double Refraction. 
— When heat is applied to bodies it causes them 
to expand or dilate. If the subst^ce to which 
the beat is applied be a. bad conductor, the 
part in contact with the heated body becomes 
hot, and expands before heat is communicated 
to the neighbouring parts. Hence the bad 
conductor endeavours to curve, just as when 
we heat a compound bar of iron and brass a 
curvature is induced, owing to the unequal ex- 
pansive power of these two metals ; and as the 
brass expands more than the iron, the latter 
forms the inner or concave side of the cuived 
bar, while the brass forms the outer or convex 
side. On this principle is constructed the 
compensation balance of a watch. 

Glass is a had conductor of caloric, and when 
abeated body is applied to it, the part in contact 
with this becoming hot, expands, hut owing to 
the bad conducting quality of the medium, the 
surrounding parts not being influenced by the 
heat, do not expand, but resist the dilatation 
of the heated portion. In this way, therefore, 
the immediate effect of heat on one part of a 
piece of glass is to put all the sun-ounding 
parts into a strained state; one partis expand- 
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ing, and other parts are resisting tlie dilatation. 
When the difference of temperature is extreme, 
the violence of the strain is such that very 
thick pieces of glass are sometimes rent asunder. 
It is very desirable that we should be ac- 
quainted with the precise niechanical condition 
of the glass thus partially subjected to caloric 
A knowledge of this would greatly assist us in 
comprehending the optica! phenomena. But 
the subject is replete with difficulties. Per- 
haps some assistance may be obtained from the 
following considerations : — 

J7i,.5i. LeUBCJJUis-Sh), 

be a rectangular plate of 
^ glass, subjected to heat 
|| 9| along its edge J B. 

1^ *■ ' ' £i This portion of the glass 

being heated, tends to 
expand : but on account 
of its connection with other portions of the 
glass, cannot do so without forcing these to par- 
ticipate in its augmented bulk. These, however, 
owing to the bad conducting power of the 
glass, retain their original temperature, and 
consequently refuse to expand, so that the 
stratum is subjected to compression ; that is, it 
is prevented from acquiring that volume which 
is natural to it in this heated state. The cen- 
tral stratum e/ is in a state of dilatation or 
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expansion, owing to its particles being urged 
asunder by the tendency of the upper stratum, 
A B, to expand. The resistance offered to the 
expansion by e / tends to produce pressure 
on the lower stratum C D, the particles of 
which will be urged together. This lower 
stratum C D, like tlie upper one A B, will 
then be in a state of compression. As the 
tension of e/ is sustained at A B and CD, it 
will tend to send inwards the lateral columns 
A C and B D, dilating them at the convex 
portion of tlie bend, and compressing them at 
the concave portion. By these strains, there- 
fore, tlie rectangular plate of glass will assume 
a figure concave on all its edges. 

It is obvious then, from the unequal states 
of tension of the different parts of a piece of 
glass thus partially heated, that it ought to 
acquire doubly refracting properties, and the 
polariseope shows that it does so. In this 
state the glass exhibits distinct neutral and 
doubli/ refracting (depolarizing) axes, the neu- 
tral ones being parallel and perpendicular to 
the direction in which the heat is propagated. 
The black firinges, sometimes called hnes of no 
polarization, indicate the neutral axes, or those 
portions of the glass which are destitute of the 
property of double refraction. 

It deserves especial notice that fringes make 
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tbeir appearance in the part of the glass most 
distant from the heated body, hefore they have 
received any sensible accession of heat, and 
which, therefore, must depend on the state of 
strain into whicli they are thi-own by tlie effect 
■of the heat on the other parts of the mass, in 
the way I have already endeavoured to explain. 

Sir D. Brewster has suggested the construc- 
tion of two kinds of chromatic thermometers, 
for measuring changes of temperature by the 
production of coloured fringes, exhibited by 
glass plates when exposed to heat ; for " every 
tint in the scale of colours has a corresponding 
numerical value, which becomes a correct mea- 
sure of the temperature of the fluid." In the 
one instrument, the tints originate immediately 
from the changes of temperature ; in the other, 
they are produced by the difference of pres- 
sures upon the glass, occasioned by the differ- 
ence of expansions arising from changes of tem- 
perature. I must refer you to his paper in the 
Philosophical Transactions toi 1816, for details 
respecting them. 

3. Unequal cooling causes Double Refraction. 
— If a piece of hot glass of uniform tempera- 
ture be unequally cooled, as by placing one of 
its edges on a cold mass of iron, it acquires 
doubly refracting properties, and when examined 
by polarized liglit presents fringes, &c., simi- 
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lar to those observed in glass unequally heated. 
It is obvious, however, that as the physical con- 
dition produced by cold is diametrically oppo- 
site to that caused by heat, so the structure of 
the corresponding parts of the two g'lasses (the 
one which has been cooled, and the other which 
has been heated) must be opposite, 

4. Unannealed Glass ia a Double Refractor, 
— If glass be suddenly cooled after having been 
melted, it possesses certain remarkable proper- 
ties, which unfit it for ordinary use. Sometimes 
it splits or flies to pieces in the act of cooling ; 
or if it fail to do this, a very moderate change of 
temperature, a slight external force, a scratch, 
or a slight fracture, is sufficient to cause it to 
crack and fly to pieces. The glass tears called 
Jtupert's drops, or kand-crackers, and the 
proofs, or philosophical phials, are familiar 
illustrations of this kind of glass. In order to 
prevent it acquiring this remarkable condition, 
glass, after being fashioned, is submitted to the 
process called annealing, that is to very slow 
cooling in the annealing oven or lier. Glass 
which has undergone this process is said to be 
annealed, while that which has not is termed 
tinannealnd. But the so-cailed unannealed 
glasses sold by the opticians are in fact annealed 
glasses, which have been reheated until they 
begin to soften, then cooled by placing them on 



the ashes beneath the furnace, and afterwards 
ground and polished. 

The optical properties of unannealed glass 
are very remarkable. To comprehend them 
let us consider the mechanical condition of the 
glass. When a mass of red-hot and soft glasa 
is exposed to a cool air, its external portion 
becomes cold and rigid, while the inner parts 
are still hot and soft. After a short time, how- 
ever, the latter solidify and cool, but are pre- 
vented from contracting themselves into the 
smaller bulk which is natural to them in their 
cooled state, by the rigid crust, which acts like 
an arch or vault, and keeps them distended, 
but which is to a certain extent strained and 
drawn somewhat inwards by the tension exer- 
cised on it by the internal parts. It is obvious, 
then, that the different parts of a mass of un- 
annealed glass are unequally and differently 
sti-ained ; the internal being in a state of dis- 
tention or dilatation, the external in that of 
compression. So that the state of the different 
parts, and the distribution of the forces, will be 
almost exactly similar to those already de- 
scribed, in the case of annealed glass which has 
been unequally heated. " The analogy between 
the cases," says Sir John Herschel, " would be 
complete, if, instead of supposing the an- 
nealed plate heated at one edge only, the heat 
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were applied to all the four simultaneously, by 
surrounding it with a frame of hot-iron." 

There is one very important point in reference 
to these unannealed glasses, to which I must 
beg your attention ; I refer now to the circum- 
stance that in them, the polarizing (doubly 
refracting) structure depends eritirely on the 
external form of the glass plate, and on the 
mode of aggregation of its particles. This will 
be very obvious by observing the different 
shapes of the fringes respectively presented by 
square, circular, oval, rectangular, and other 
shaped plates. The circular and square plates 
have only one axis of [no] double refraction ; 
whereas the oval and rectangular plates have 
two axes. By dividing and subdividing these 
plates the doubly refractive property is not only 
greatly diminished, but sometimes even de- 
stroyed, if the portion be very small. Moreover, 
it is distributed in a new manner, according to 
the shape of the fragment. The dissected un- 
annealed glasses, sold in the opticians' shops, 
beautifully illustrate the dependence of the 
form of the coloured fringes on the external 
shape of the glass. Thus the pattern pro- 
duced by one circular piece of unannealed 
glass, is very different to that of a circle formed 
by joining four segments. See_^. 52. 

In these particulars the unannealed plates 
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of glass differ very widely from doubly refract^ 
ing crystals. The fringes and colours pt^ 
sented by the latter are unaltered by l' 

^^ Fig. 52. 

0ffl 

changes we may effect in the external form a 
the crystal, the smallest fragment produ( 
the same system of fringes as the largest ; f 
provided the thickness remains the same, 1 
polarizing force suffers no diminution by t 
reduction in size. 

We are then constrained to infer that 1 
optical properties of crystals are those of th 
integrant molecules ; while those of the unai 
nealed glasses depend on the mode of arrang( 
ment of the molecules, and on the exterw 
form of the mass. 

The effects produced by superposing sim 
larly shaped pieces of unanncaled glass i 
striking, and, at first, surprising ; but, on ci 
sideration, may be easily understood. If tl 
be symmetrically superposed, similar poioti 
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being laid together, the tints will be equal to 
the sum of the separate tints: but, if super- 
posed crosswise, the resulting tints will he the 
difference of the separate lints. This may be 
conveniently shown by causing an unannealed 
glass bar to rotate in front of another unan- 
nealed bar. 

Applications. — These facts respecting the 
properties of unannealed or imperfectly an- 
nealed glasses, admit of some valuable practical 
applications. To the optician it is of the 
highest importance that the glass, of which 
lenses and prisms are made, should possess 
uniform density, and be free from all defects 
arising from irregularities in the aunealing pro- 
cess. To detect these the glass should be care- 
fully examined by polarized light previous to 
being ground and polished ; and by this agent 
the slightest defects are made appreciable. 

So also glass vessels employed for domestic 
purposes may be advantageously tested by the 
same agent. The facility with which tum- 
blers, &c., crack, sometimes spontaneously, at 
other times while in the hands of the glass- 
cutter, or when warm water ia poured into 
them, or when exposed to a alight blow, de- 
pends on some imperfection in tlie annealing 
process. Hence, also, the reason why run 
glass (that is, glass made without paying the 
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duty) is very apt to crack ; for, owing to t 
rapidity with which all the stages of its man^ 
facture have been hurried on, it is not wel 
made, and sufficient time has not been allowej 
for the annealing process. 

It is probable, also, that manufacturers, < 
rather the mounters of electrical machined 
might beneficially avail themselves of polarized 
lightin the selectlonof glass cyliudersandplates. 
Recently made cylinders, when mounted, will 
sometimes crack, or fly, aa it is termed, with- 
out anv obvious agency; owing, I presume, to 
some defect in the annealing process, which, 
perhaps, might have been previously discovered 
by means of polarized light 

An argument in favour of the vegetable 
origin of the diamond has been founded by Sir 
D. Brewster, on the phenomena presented by 
this substance, when examined by means of 
polarized light. It is well known that various 
opinions have been held by different writers 
on the mode of formation of this mineral. All 
of them, however, may be included under two 
divisions : those which assume the diamond to 
be the direct produce of heat on carbonic acid 
or carbon, and those which ascribe it to the 
slow decomposition of plants. Sir D. Brew- 
ster, who adopts the latter notion, met with a 
diamond which contained a globule of air, 
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while the surrounding substance of the diamond 
bad a polarizing (doubly refracting) structure, 
displayed by four sectors of polarized light en- 
circling the globule. He, therefore, inferred that 
this air-bubblo had been heated, and bj expan- 
sion bad produced pressure on the surrounding 
parts of the diamond, and thereby communi- 
cated to them a polarizing structure. Now, for 
this to have happened, the diamond must have 
been soft and susceptible of compression. But 
as various circumstances contribute to prove 
that this softness was the effect of neither sol- 
vents nor heat, he concluded that the diamond 
must have been formed, like amber, by the con- 
solidation of vegetable matter, which graduallj 
acquired a crystalline form by the influence of 
time and the slow action of corpuscular forces. 
Starch grains have a laminated texture, and 
possess a doubly refractive power. They are 
composed of concentric layers of amylaceous 
matter. On some part of the surface of each 
grain is a circular spot, called the hilum. This 
appears to be an aperture or transverse section 
of the tube or passage leading into the interior 
of the grain, and by which the amylaceous 
matter, forming the internal laminfe, was con- 
veyed. On examining the grains by the polar- 
izing microscope, unequivocal evidence of their 
doubly relractive power may be obtained. 
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least I have found this to be the case in all tin 
starches which I have yet examinedj i 
les mois, potato-starch, West Indian arrow-rot 
sago-meal, Tahiti arrow-root (obtained f 
species of Tacca), tapioca-meal, East Indi 
arrow-root {CuTcitma angustifolia), 
starch, Portland arrow-root {Arum maculatm. 
and rice-starch. The larger grained ats 
form splendid objects for the polarizing n 
scope ; tous les mois being the largest m 
taken as the type of the others. It presents.! 
black cross, the arms of which meet at 
hilum. On rotating the analyzer the black c: 
disappears, and at 90° is replaced by a wbit^ 
A. Fig. 53. B. 




Grains of Tous les Mats viewed hy the Polarizing 
Microscope. A represents the appearance whea the 
planes of polarizatina of the polarizer and analyzer are 
at right angles to each other ; B when they coincide, 
cross ; another, but much fainter black cross, 
being perceived between the arms of the white 
cross. Hitherto, however, no colour is per- 
ceptible. But if a thin plate of selenite be 
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interposed between the starch grains and the 
polarizer, most splendid and gorgeous colours 
make their appearance. The ajms of the cross 
acquire the colour which the selenite plate 
yields in polarized light. The four spaces 
between the arms also appear coloured; but 
their tint is different to that of the cross. The 
colours of the first and the third spaces are 
identical, but different to those of the second 
and fourth, both of which have the same tint. 
At the point where the colours of the arras and 
of the interspaces meet, the tints blend. All 
the colours change by revolving the analyzer ; 
and become complementary at every 90°. If 
grains of Canna edulis be heated they lose their 
cross and polarizing structure. 

The appearances presented by potato-starch 
are similar to those of tous les mois. Several 
other starches (as West Indian arrow-root, 
sago-meal, Tahiti arrow-root, tapioca-meal, 
and East Indian arrow-root) present black and 
white crosses, and, when a selenite plate is used, 
also colours j but in proportion as the grains are 
small, are their appearances less distinct. I have 
not hitherto detected the black and white 
crosses in wheat-starch, Portland arrow-root, 
and rice-starch. Their double refractive power, 
however, is proved by the change they effect in 
the colour yielded by a plate of selenite. 
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A great variety of animal structures possess 
a doubly refracting or depolarizing structure, 
as a quill cut and laid out flat on glass, the 
cornea of a sheep's eye, a piece of bladder, 
gold-beaters' skin, human hair, a slice of a toe 
or finger nail, sections of bones, of teeth, &c. 
The crystalline lenses of animals also possess 
this property in a high degree, owing to their 
central portion being denser and firmer than the 
external portion. If the lens of a cod-fish be 
placed in a glass trough of oil or Canada balsam, 
it presents twelve luminous sectors separated 
from each other by a black cross. Even living 
animals present double refracting properties. 
The aquatic larvae of a gnat, commonly called 
skeleton larvts^ form a very amusing exhibition. 
They are to be placed in water in a very narrow 
water-trough. In certain positions they give 
no evidence of double refraction, but in others, 
and especially when they are exerting much 
muscular energy, they possess it in a very 
marked degree. 
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LECTURE in. 

DOUBLE REFRACTIVE AND OTHER ALLIED 
PROPERTIES OF CRYSTALS. 

In my last lecture I explained the nature and 
cause of double refraction ; and I now proceed 
to examine the double refractive property of 

crystals, and to show how this is connected with, 
or related to, other properties of crystalline 
substances. 

1. Double Refraction of Crystals. — Every 
transparent crystalline body refracts the rays of 
light which are incident on it at oblique angles ; 
and the degree of its refractive power depends 
on two circumstances, viz., the angle of inci- 
dence, and the nature of the crystalline sub- 
stance. In these respects crystals agree with 
all other transparent media. 

But a very large number of crystals possess 
the property of double refraction ; and they are, 
therefore, called doubly refracting crystals^ to 
distinguish them from others which have not 
this property, and which are denominated 
singly refracting crystals. 
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The double refraction of some crystals 
immediately manifested by the production of 
duplicate images ; either through two parallel 
surfaces, as Iceland spar, or through two sur- 
faces which are more or less inclined on each 
other. TJius, to observe the double refraction 
ot" a crystal of quartz, it is necessary to look 
through a pyramidal and lateral plane at the 
same time. By this contrivance the surface of 
emersion is inclined to thatof admission, which 
causes the two pencils to emerge at different 
inclinations, and so become further separated as 
they proceed. 

Many crystals, howeverj possess the property 
of double refraction in so feeble a degree that 
it is impossible to see, under ordinary circum- 
stances, two images ; and in such cases we are 
constrained to employ the polariscope to detect 
this property. 

In every doubly refracting crystal there are 
one or more positions or directions in which the 
two images become superposed; or, in other 
words, in which no double refraction exists or 
is evident. These directions are called the 
optic axes or the axes of double refraction. I 
have already stated that the phrase axes of no 
double refraction would be more intelligible. 
These axes may be regarded as positions of 
equilibrium where certain forces, which exist 
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within the crystal and act in opposition, haiance 
each other. In crystals of certain forms they 
coincide with the geometricnl or crjstallogra.- 
phical axes, whereas in crystals of other shapes 
they do not; but to these points I shall again 
have to heg your attention. 

If we consider doubly refracting crystals in 
regard to the number of their optic axes we 
may divide tliem into two orders; one includ- 
ing those that possess only one axis, and an- 
other comprehending such as have two axes. 
The first are called uniaxial, the second biaxial 
crystals. As this distinction is connected with 
other remarkable optical peculiarities, as well 
as with the geometric and thermotic properties 
of crystals, it will be necessary to notice it a 
little more in detail. 

a. Uniaxial Crystals. — Those crystals which 
have only one axis of [no] double refraction, 
and which, in consequence, are termed uniaadal 
crystals, or crysta.li with one optic axis, belong 
to the square prismatic or rhombohedric sys- 
tems. In them the geometric or crystallo- 
graphic axis is coincident with the optical one; 
that is, the line or direction in the crystal, 
around which the figure is symmetrically dis- 
posed, or about which everything occurs in a 
similar manner on all sides, is coincident with 
the optic axis, or the axis around which the 
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optical phenomena are the same iu all direc- 
tioDS. You must not, however, suppose that 
the axis is a single line ; for there must he as 
many axes as there may be lines parallel to 
each otiier, so that the word is merely synony- 
mous with a fixed direction. 

In all other directions but the one called 
the optic axis, these crystals doubly refract; 
and of the two rays thus produced, one follows 
the ordinary laws of simple refraction, and is 
accordingly called the ordinary ray, while the 
other, being subject to an extraordinary law, 
is denominated the extraordinary ray. 

These two rays advance with nnequal de- 
grees of velocity ; the one suffering greater 
retardation than the otlier. When the ordi- 
nary ray advances more rapidly than the es- 
traordinary one, the crystal is said to have a 
negative or repulsive axis of [no] double refrac- 
tion ; but when the ordinary ray advances less 
rapidly, the crystal is said to possess a positive 
or attractive axis, la other words, when the 
extraordinary ray is refracted towards the axis, 
the crystal is said to have a positive axis j but 
when the ray is refracted from the axis, the 
crystal is said to have a negative axis. These 
terms are not very expressive of the property 
they are intended to represent. Biot used the 
terms attractive and repulsive to designate the 
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attractive or repulsive forces which he sup- 
posed to emanate from the axes of crystals. 
For it is obvious that if the extraordinary ray 
be most retarded, it will be refracted from the 
axis, that is, it will appear to be repelled by a 
force emanating from the axis; whereas, if it 
be the least retarded, it will be refracted to- 
wards the axis, or will appear to be attracted 
by a force emanating from the axis. Now it 
was to obviate the hypothesis which these 
terms involve, that Brewster substituted the 
words positive and negative for the terms at- 
tractive and repulsive, merely meaning to de- 
note by them the opposition, but not the 
nature, of the forces. 

Table of Uniaxial Crystals, 

Negative ( — ) or repulsive Crystals. 
(Extraordinary ray most retarded.) 

Iceland Spar. 
Tourmaline. 
Nitrate of Soda. 
Bicjanide of Mercury. 

In uniaxial crystals the position of the optic 
axis is constant, whatever be the colour of the 
light; whereas in biaxial crystals this is not 
the case, as I shall presently show. 

6. Of Biaxial Crystals. — A very large num- 
ber of crystals, including all which belong to 
the right- rhombic prismatic, oblique prismatic, 
and doubly oblique systems, have two axes of 

M 



Positive (+) or attractive Crystals. 
(Ordinary ray most retarded.) 

Zircon. 
Quartz. 
Oxide of Tin. 
Ice. 
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double refraction, which are more or less in- 
clined to each other. Such crystals are, in 
consequence, denominated biaxial crystals, or 
crystals with two optic axes. In them there is 
no single line or axis around which the figure 
is symmetrical, as in uniaxial crystals ; and the 
optic axes do not always, or even frequently, 
coincide with any fixed line in the crystals. 
Now this fact has led Sir D. Brewster to be- 
lieve that the optic axes are not the real axes 
of the crystals, but only the resultants of the 
real or polarising axes, or lines, in which the 
opposite actions of the two real axes compensate 
each other. Hence he terms them the resultant 
axes, or axes of no polarization, or of compensa^ 
tion. 

The following is a list of a few biaxial crys- 
tals ; and for a more extensive one I must refer 
my auditors to Sir D. Brewster's works : 

Table of Biaxial Crystals, 



Glauberite - 




Character cf 
Principal Axes.* 

- Negative - 


Inclination qf 
Resultant Axes. 

- 2° or 3° 


Nitrate of Potash 


- Negative 


- 5° 20' 


Carbonate of Lead 


- Negative - 


- 10° 35' 


Arragonite - 
Borax 


^ 


- Negative - 

- Positive 


- 18° 18' 

- 28° 42' 


Sugar 


- 


- Negative 


- 50° 


Selenite 


. 


- Positive 


- 60° 


Rochelle Salt 


. 


- Positive 


- 80° 



* The principal axis is, according to Sir D. Brewster, 
the middle point between the two nearest poles of no 
polarization. — Phil, Trans., 1818. 
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Of the two raya produced by the double 
refraction of biaxial crystals, neither can be 
strictly denominated the ordinary one, since 
neither of them is refracted according to the 
ordinary law of single refraction. Both of 
them then are extraordinary rays, since they 
are refracted according to the laws of extra- 
ordinary refraction. 

Another peculiarity of biaxial crystals is that 
the position of the optic axes is not constant, 
but varies in the same crystal, according to the 
colour of the intromitted ray and the tem- 
perature of the crystal. Thus a violet ray is 
separated into two pencils when incident in 
the same direction in which a red one is re- 
fracted singly. Sir John Herschel, to whom 
we are indebted for this discovery, found that 
the inclination of the resultant axes in Ro- 
cbelle salt, is for violet light 56°, and for red 
light 76°, but in the case of nitre, the inclina- 
tion of the axes for violet light is greater than 
for red light, and SifD. Brewster discovered that 
glauberite has two axes for red light inclined 
about 5°, and only one axis for violet light. 
The changes produced on the inclinations of 
these axes by heat I shall hereafter have oc- 
casion to notice. 

In conclusion, then, crystals considered with 
respect to their singly or doubly j 
properties may be thus arranged ; 
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Optical ClaaificaiioK of CryttaU. 



2. /"orm o^ Cryttah. — A remarkable i 
nectioQ exUta between the optical propertid 
and the georoetrical forms of crystals ; aod c 
thia I have now to beg your attention. 

A crystal, like every other solid, po; 
length, breadth, and thickness ; and the mei 
aureft of these are three imaginary lines whi 
pass through the centre of the crystal, i 
are termed the axes. They may be deaoj 
ininated eryitallographical or geometrical a 
to distinguish them from the optic axes, wid 
which they do not always coincide. Rose del 
fines them to be " certain lines which | 
through the centre of the crystal, and aroui 
which tiie faces are symmetrically disposed." 

In some forms all these axes are equal J 
length, as in the cube; and in such cases it £ 
said that the axes are similar or alike. Suel 
crystals are termed equiaxed. But i 
large proportion of cases the axes ar 
equal, and these crystals are said to he i 
equiaxed. Now it is a remarkable circuin 
stance, that the equiaxed crystals are sinj 
refractors, while the unequiaxed are double p 
fractors. This is ihe first fact demonstrativM 
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of the connection between the forms and the 
optical properties of crystals. 

Of the unequiaxed crystals some have two, 
others three kinds of axes. If, for example, 
the length and the breadth of a crystal be 
alike, but the thickness different, the axes are 
of two kinds. Such crystals are usually said 
to have two dissimilar axes, but I shall term 
them di-unequiaxed. Other unequiaxed crys- 
tals have all their axes unequal ; in other 
words, their length, their breadth, and their 
thickness are all unequal. Such crystals are 
generally said to have three dissimilar axes, 
but I shall call them iri-unequiaxed. Now, it 
is most remarkable that the di-unequiaxed 
crystals are double refractors, with one axis of 
[no] double refraction, while the tri-unequiaxed 
are double refractors with two axes of [no] 
double refraction. Here is another curious 
fact, illustrative of the relation which exists 
between the shape and optical properties of 
crystals. 

Modern cry stallograp hers arrange crystals in 
six groups, called systems. The equiaxed crys- 
tals constitute one system, called the cubic, oc- 
tahedral or tessular system. The di-unequiaxed 
crystals comprehend two systems ; one termed 
the square prismatic or pyramidal system, the 
other called the rkombohedric or rhombohedral 
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ty$tem. The tii-imeqiuaxed crystals indude 
three systems: one denominated the right 
rhombie or reetanffular prismatic system ; a se- 
cond termed the oblique rhawMc or rectanffular 
prismatic system ; and a third, called the dombly 
oblique prismatic system^ The following table 
wiU, perhaps, render these statements more 
intelligible : 

Geometrical Classification of Crystals. 



I 



Clam 1. 
Kqytaifd ciyrtab ^ ,, 1 rrihirnrfTrtnliulnl 

(tiagle refrmeton) 



^Orier 1. Di- 

{/me mxn 4f [i 



CufcM SL 
Uocqaiaxcd ayrtak 



Order 8L TYi-aneqaiazcd 
{ MMMan flmo2*mkle 

r^fndtoKk) ■■ —m a 

'&Doiibly OtAgut 



2. Square 
SLBlMMBbobedinc. 



4LRi8iit 
5. Obfique 



l- 



I shall not at present enter into any further 
details respecting the geometrical peculiarities 
of each of these systems, as the subject will be 
more appropriately considered presently. 

3. Expansibility. — Between the particles of 
matter there exist two classes of forces, the 
one attractive, the other repulsive. By the 
first, particles are approximated and united to 
form masses ; by the second, they are separated 
to greater or less distances. Hence attraction 
and repulsion are antagonising forces. 

Caloric or heat is a repulsive force. It 
augments the distance between particles and 
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thereby weakens their attractive force ; for 
molecular attraction rapidly diminishes as tbe 
distance between the particles increases. Hence 
solids and fluids, when heated, expand or dilate. 

But the force of attraction which exists be- 
tween the particles of different bodies (solids 
and liquids) varies considerably : in some being 
much greater than in others. Hence, the same 
amount of beat gives rise to a very different 
degree of expansion in different bodies. In 
other words, each solid or liquid has an ex- 
pansion peculiar to itself, owing to the greater 
or less attractive force which exists between 
the molecules, 

Some crystals, when heated, expand equally 
in all directions, and such I shall accordingly 
denominate equiexpanding. Now it is obvious 
that in these the existence of equally attractive 
forces in all directions must be inferred ; and it 
is a curious and striking confirmation of this 
inference that crystals, which suffer equal ex- 
pansion in all directions, are singly refracting 
and equiaxed. 

A very large number of crystals, however, 
dilate, when heated, unequally in different 
directions ; and such may be conveniently de- 
nominated unequiexpandhig. lu them expan- 
sion in one direction is accompanied in some, 
if not in all cases, with contraction in another 
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direction ; and it is, therefore, obTious, that 
the force of attraction between their particles 
must be unequal in different directions, the 
attractive or cohesive force being least in that 
direction in which the expansion is the greatest. 
Crystals of this class are doubly refracting and 
unequiaxed. 

" Crystals which do not belong to the regu- 
lar system expand unequally in the direc- 
tion of their axes, by which the size of their 
angles changes." (Gnielin). 

I apprehend tijat the unequal expansibility of 
crystals depends on the approach of the crystal 
to the fluid form, that is, to the spherical form ; 
for, as Berthollet has observed, " the causes 
which determine the changes of constitution of 
bodies exercise an action the effects of which 
are evident before the changes of constitution 
have taken place." Three proofs of this may 
be stated. 

1. Ice has a less sp. gr. than water at 32° F. 
Now, when water has been cooled down to 
39° F., it expands on the further application of 
cold before it solidifies; so that the cause, 
whatever it may be, which renders ice lighter 
than water, ia in operation before the water is 
frozen, 

2. Sir Charles Blagden observed, that when 
salt ia added to water, so as to lower the freeze 



EXPANSIBILITY OF CRYSTALS. 169 

ing pointy the approach to congelation is still 
shown by augmentation of volume. 

3. When liquids are approaching their boil- 
ing points, they are gradually assuming the 
elastic state by progressive dilatation. 

4. When heat is applied to solids, their 
forms begin to assume those nearest the sphere. 

" After I had obtained/' says Mitscherlich, 
" these results, that the expansion of crystals 
depended on the axes, and that calc spar suf- 
fered a greater expansion in the direction of 
the smaller axis, also according to the direc- 
tions in which the atoms lie next, I sought 
to determine what influence the relative size 
of the axis had on the expansion. I, there- 
fore, selected the combinations of carbonic acid 
with three isomorphous bases, Ume, protoxide ^ 
iron, and magnesia,'* 

The changes produced on the angles of 
crystals for 180® F. were as follows : 

Iceland Spar - - 8' 34^" 

Bitter Spar - - 4' 6'' 

Ditto of Pfitschlat - - 3' 29'' 

Carbonate of Iron - - 2' 22'' 

Of these rhombohedra that of bitter spar of 
Pfitschlat was the most obtuse, that of Iceland 
spar the most acute. 

MitacherlicKs Conclusions are as follows : 

1. That the crystals which, belong to the 
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regular system, as the spinelle and blende, 
show no double refraction, expand equally in 
all directions, and suffer no change in their 
angles. Hence the matter in them must be all 
equally arranged, and relates itself in every 
direction equally to light. 

S. That the crystals whose primitive form is 
a rhovtbohedron or six-sided prism relate them- 
selves differently to heat in one direction, that 
of their principal axis, than in other direc- 
tions. Iceland spar, for example, expands in 
the principal axis (that is, the line which joins 
the two blunt angles of the rhombohedron) 
differently to that of the secondary axes, which 
are perpendicular to the principal one. Among 
the secondary axes the expansion is equal, and 
hence it follows that crystals with one axis of 
double refraction relate them to heat as to light. 

3. That the crystals whose primitive form is 
a rectangular octahedron, a rhombic octahedron, 
or any of the crystals which have two axes of 
double refraction, expand unequally in all 
those directions. 

4, That the expansion of crystals is deter- 
mined strictly according to the axes ; and as 
these are connected with the optical characters, 
BO these have a determinate relation, so that 
the smaller axes expand comparatively more 
than the larger. 
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The essential difference in shape between an 
equiexpanding and an unequiexpanding crystal 
is, that the first]can be inscribed within a sphere, 
the second cannot. We may rudely illustrate 
this in the lecture-room by diagram, substitut- 
ing planes for solids, by inscribing a square, or 
an equilateral triangle in a circle {fig* 54., A 
and B). The first will represent the face of a 
cube, the second that of the regular tetrahedron. 
Now, it will be perceived that the circum- 
ference of the circle passes through all the 
angular points of the figure about which it is 
described. All these forms are equiexpanding. 

Fig. 54. 





The regular six-sided prism expands un- 
equally in some directions, but equally in 
others. If now we describe a circle around 
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the terminal faces, it will be perceived tliat i 
passes through all the angular points of thi 
face {Jig. 54., C), and in all directions, in thii 
plane, the crystal expands equally. The rhom- 
bohedron cannot be inscribed within the sphere 
because its axes are unequal. If, for example 
we attempt to describe a circle around th( 
rhombic face of Iceland spar [Jig. 54,, D), ii 
will be found that while the obtuse anglei 
(ad) are contained within the circle, the acuti 
ones (bh') project beyond it. Now, under th( 
influence of heat, this face expands in th» 
direction of the shortest axis, but contracts it 
that of the longest axis, by which the rhoml 
approaches to the square, the obtuse anglei 
becoming more acute, the acute ones mon 
obtuse (Jig. 54., E). 

These illustrations will serve to give somj 
general notions of the relations which exiri 
between the forms and expansibilities a 
crystals. 

The di-uuequiaxed crystals — that is, thi 
doubly-refracting ci-ystals, which have onh 
one axis of [no] double refraction — expani 
equally in the direction of the equal crystallo 
graphical axes, but dilTerently in that of thi 
remaining one ; and we may, therefore, deno 
minute them di-uneqnieivjiandivg crystals. IJ 
for example, a rhombohedron of Iceland apa; 



DI-UNEQUIAXED CRYSTALS. 



173 



be subjected to heat, it expands in the direc- 
tion of its shortest axis, but contracts in all 
directions perpendicular to this, and in an in- 
termediate direction it neither dilates nor con- 
tracts. Thus, according to Mitscherlieh and 
Dulong, when heated from 32° to 212° F., 
it actually expands, in the direction of the 
shorter axis, 0*00386, and contracts in a direc- 
tion perpendicular to this 0'00056 j so that its 
apparent or relative expansion in this axis is 
0-0034.2 (that is, 0-00286 + 0-00056> Now a 
necessary consequence of this unequal expan- 
sion is an alteration in the angles of the crystal : 
the obtuse ones become more acute, the acute 
ones more obtuse. In other words, tlie rhom- 
bohedron approximates to the cube ; and in 
proportion to this change of form is the diminu- 
tion of doubly refracting energy. Mitscherlieh 
had conjectured that the latter effect would 
take place, and Rudberg has verified the con- 
jecture. The last-mentioned philosopher found, 
that while the ordinary refraction of Iceland 
spar underwent little or no change, the extra- 
ordinary refraction was considerably diminished 
by an augmentation of temperature. 

In bitter spar the obtuse angles of the primi- 
tive rhombohedron are lessened by heating it 
to 212°, by about 4' 6" ; and in pure iron spar 
to 2' 22". As of these minerals calc spar was 
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the least obtuse, and ferruginous bitter spa: 
the most obtuse rhorobohedron, it follows thai 
the expansion in the direction of the principa 
axis is not in the ratio in which it is shorter 
(Mitsckerlick.') 

+ ToUl expui^DD Df IcBUnd ipir. 01101961 (br eipeiiment). 



> in the uli. 0^0186 (ulcuUled). 

opuuion , OXXmSJ 

The triunequiaxed crystals expand, wber 
heated, unequally in the direction of all theii 
axes, and, therefore, they may be denominatec 
uni-unequiexpanditig crystals. When Arraffonitt 
was heated from 32° to 212° the inclination ol 
the lateral faces was augmented about 2' 46", 
and that of the terminal faces lessened abou1 
I'ig. 55. 5' ®9" (Mitscherlich) : and accord- 
ing to Fresnel gypsum expand: 
more in the direction of its prin- 
cipal axis than in that of the two 
lateral ones (Gmelin). When the 
temperature of selenite is aug- 
mented, the inclinations of all its 
faces suffer changes. Thus, accord- 
ing to Mitscherlich, by heating it 
from 32° to 212° the inclination oi 
the faces cc' was altered 10' 50", 
that of the faces a of 8' 25", and that of the 
edges b b' only 7' 26". 

I have already explained what is meant by 
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the terms positive or attractive, and repulsive 
or Tiegative axes. Tliey refer to optical dif- 
ferences in crystals, for which we find no cor- 
responding geometric or crystallographical dif- 
ferences. Now there have heen observed, in 
the effects of heat on crystals, differences 
analogous to the optical ones just referred to. 
Thus, in crystals with a repulsive or negative 
axis, as Iceland spar, expansion is greatest in 
the direction of the shortest axis, showing that 
the molecular attraction in this direction is the 
weakest; whereas iu positive or attractive cry- 
stals, as selenite, heat produces less dilatation 
in a direction parallel to the axis tlian in a 
direction perpendicular to it. 

" The inclination of the optic axes, in biaxial 
crystals," says Mr. Lloyd, " is a simple func- 
tion of the elasticities of the vibrating medium 
in the direction of three rectangular axes, and 
the plane of the optic axes is that of the greatest 
and least elasticities. If, then, these three 
principal elasticities be altered by heat in dif- 
ferent proportions, the inclination of the axes 
will likewise vary ; and if, in the course of this 
change, the difference between the greatest 
elasticity and the mean, or between the mean and 
the least, should vanish and afterwards change 
sign, the two axes will collapse into one, and 
finally open out in a plane perpendicular to 
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their former plane. All these variations have' 
been actually observed. Professor Mitscherlich 
found, that in sulphate of lime the angle 
between the axes (which is about 60® at the 
ordinary temperature) diminishes on the applica- 
tion of heat ; that, as the temperature increases, 
these axes approach until they unite ; and that, 
on a still further augmentation of heat, they 
again separate, and open out in a perpendicular 
plane. The primitive form of the crystal 
undergoes a corresponding change, the dilata- 
tion being greater in one direction than in 
another at right angles to it. Sir David Brew- 
ster has observed an analogous and even yet 
more remarkable property in Glauberite. At 
the freezing temperature this crystal has two 
axes for all the rays of the spectrum, the 
inclination of the axes being greatest in red 
light and least in violet. As the temperature 
rises the two axes approach, and those of dif- 
ferent colours unite in succession ; and at the 
ordinary temperature of the atmosphere the 
crystal possesses the singular property of being 
uniaxial for violet light and biaxial for red. 
When the heat is further increased, the axes 
which have united open out in order, and in a 
plane at right angles to that in which they 
formerly lay, and, at a temperature much below 
that of boiling water, the planes of the axes 
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for all colours are perpendicular to their first 
position.* The inclination of the optic axes in 
topaz, on the other hand, augments with the 
increase of temperature, and the variation, 
M. Marx has observed, is much greater in the 
coloured than in the colourless varieties of this 
mineral, f " 

In conclusion, then, crystals considered with 
reference to the effects of heat on them may 
be thus arranged : — 

Thermotic Classification of Crystals. 

Class 1. 
Equiexpanding crystals (single rtfr acton, equiaxedj. 

Class 2. 

Unequiexpanding ) Order 1. Di-unequiexpanding Cone optic axis, di- 

crystals f unequtMced). 

(double refractors^ (Order 2. Tri.unequiexpanding (two optic axes, 

unequiaxedj ) tri-unequiaxedj, 

4. Atoms or Molecules. — It has been^ cor- 
rectly stated by Sir D. Brewster J, that the 
polarizing or doubly refracting structure of 
crystals must " depend on the form of their 
integrant molecules, and the variation in their 
density." A few observations on the atoms or 
molecules of crystals will not, therefore, be out 
of place on the present occasion. 

Like all other aggregates, crystals are made 
up of certain small parts conventionally called 

• E^n. Trans., vol. xi. ; and Phil, Mag,, 3rd series, 
vol. i., p. 417. 

f Jahrb. der Chemie, vol. ix. 
t PhU, Tram, for 1818, p. 264. 
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atoms or molecules. It is unnecessary to dl^ 
cuss the question of their finite or infinite divi- 
sibility ; and, to obviate the necessity of this, I 
shall assume, with Dumas*: that an atom is the 
smallest particle of a hody which by mere 
juxtaposition with the particles of other bodies 
gives rise to a combination. Hence, therefore, 
the small parts of any one body which combine 
chemically with certain small parts of another 
boiJy, without suffering further division, are 
what we understand by the terms atoms ofi 
molecules. 

As these small parts or atoms are invisible, 
even when we aid the eye by the most power- 
ful microscope, it is obvious that all observa- 
tions on their size and shape must be specula- 
tive. Two opinions, however, have prevailed 
with respect to their form ; Haiiy and others 
have adopted the notion of their angular shape, 
while Hooke, Wollaston, and other more re- 
cent writers, assume them to be rounded. If 
we were to deduce the form of the molecules 
from that of their aggregates, we should adopt 
the angular hypothesis ; for the most minute 
fragment of a crystal wliich we can procure 
and see, is angular. On the other hand, the 
spheroidal form of the planetary bodies, the 
tendency which liquids manifest to assume J 
• Traili de Chimie, t. i. p. 33., 1821. 
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spherical shape, and the mechanical facilities 
which the hypothesis of rounded atoms offers in 
the grouping of the atoms, have led later writers 
to adopt almost exclusively the views of Hooke 
and Wollaaton. 

But it may be asked. Is the sliape of an 
atom constant? or can it suffer change? May 
not the atoms of liquids be spherical or el- 
lijjsoidai and those of crystals angular ? Ellipso- 
idal forms become angular by compression ; and 
hence may not the ellipsoidal atoms of a liquid 
become angular in the act of crystallization ! 
The idea has not, to my knowledge, occurred 
to crystallographers, but it appears to me thai 
the subject well deserves consideration. 

A spheroid is said to be oblate when, as in 
the case of the earth, the shortest diameter is 
its axis of revolution, but it is prolate or ob~ 
'long, when the longer diameter is its axis of 
revolution. Now the shorter diameter may be 
regarded as the direction of the greatest attrac- 
tion, or of compression, while the longer dia- 
meter is the direction of least attraction or of 
dilatation. In the case of the earth it is well 

I known that gravity is greater at the poles than 
at the equator, a body weighing about rj^^th 
more at the former than at the latter, it 
might, therefore, be supposed that crystals 
1 with one positive or attractive axis of double 
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refraction would be formed of oblate spheroici 
wliile those with one negative or repulsive axis 
would be made up of prolate spheroids. 

But an objection exists to this hypothesis. 
According to it, obtuse rhombohedra ought to 
have one positive axis, while acute rhombohedra 
should have one negative axis of double refrac- 
tion. Now the crystallioe form of Iceland spar 
is an obtuse rhomb ohedron, but the optic axis 
of this substance is negative, so that its crystal- 
line form is that which is produced by an ob- 
late spheroid, while its optical property is that 
of a prolate spheroid. To obviate this objec- 
tion. Sir D. Brewster * suggests that the mole- 
cules have the form of oblate spheroids, whose 
polar is to their equatorial axis as 1 to 2*8204, 
and that they were originally more oblate, but 
have been rendered less so by the force of 
aggregation, which dilated them in the direc- 
tion of the smaller axis. 

In point of fact, however, this assumption 
does not entirely obviate the difficulty, as the 
spheroids are still supposed to be oblate, 
though their axis is a negative one ; and it ap- 
pears probable that the same force which would 
render the axis negative should change the 
shape of the spheroid from the oblate to the 
prolate. Moreover, Sir D.Brewster'sexplanation 
• Phil. Trans., 1830. 
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involves the improbable supposition, that the 
original very oblate spheroids, it' " placed to- 
gether without any forces which would alter 
their form," would " compose a rbombohedroii 
with a greater angle, and having no double 
refraction." 

On the assumption that the axes of the 
atoms of crystals bear the same relations to 
each other that the axes of the systems of crys- 
tals themselves do, I have drawn up the fol- 
lowing table of tbe supposed shapes of the 
atoms : 
Table of the S/tapes of the Atoms of Crystals. 

J C Glib 1. Bquiued (-jfifcfrM; ™ 1. Cubic. 

^ I f Order L TvD equaKl. Bliombohedilo. 

gj i«Mr<P«mAJiA.,j3. SqwtePrliniatle. 

E. I CLIsb a UnHpiSweil -i (*, HibIH Priimmllc. 

The doubly refracting structure is not inhe- 
rent in the molecules themselves. Quartz or 
crystallized silica doubly refracts ; but taba- 
sheer, opal, and melted quartz, all siliceous 
substances, do not. Ice doubly refracts^ while 
water singly refracts. What is the reason of this? 

It will be generally admitted, I presume, 
that the double refraction of ice is a molecular 
property, and -is associated with the shape of 
atom; and bence, if the atoms of water 
have the same form as those of ice, they ought 
also to possess the doubly refracting property 
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of the latter. Now, the advocates for 
hj'pothesis of the nnchangeability of atomic 
forms contend, that in ice the atoms are sym- 
metrically and regularly arranged, with their 
axes pointing in the same direction; while in 
water they are unsym metrically or irregularly 
arranged or jumbled together in such a manner 
that their axes have every possible direction, 
so as to create a general equilibrium of the 
polarizing forces. But, if this were the case, 
two specimens of water would scarcely ever 
present tlie same optical properties. If, by 
any accident, the axes of a large majority of 
the molecules should happen to be arranged 
in the same direction, the liquid would then 
possess a doubly refracting property. Now, it 
appears to me, that no hypothesis can be cor- 
rect which ascribes to accident or chance a 
constant and invariable property of a body; 
for I bold, that, except when approaching the 
freezing point, liquid water is invariably a 
single refractor. 

But, on the assumption that the shapes of 
atoms are, to a certain extent, capable of 
change, the difficulty is easily obviated. Sup- 
pose the atoms of liquid water to be spheres, 
and that in the act of freezing they become 
spheroids, the expansion of water in the act of 
freezing, the doubly refracting property, and 
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the crystalline form of ice would then be readily 
explicable. 

A consistent explanation of Dimorphism can 
scarcely be offered except on the assumption 
of the changeability of the shapes of the atoms. 
Carbonate of lime, for example, crystallizes in 
two distinct and incompatible forms, the one 
belonging to the rhombohcdric, the other to 
the right prismatic system. In the first case, 
we call it Iceland spar; in the other, Arragonite. 
Iceland spar has one negative optic axis, Arra- 
gonite has two negative optic axes. The shapes 
of the atoms of these bodies must, therefore, be 
different. Admit that, under certain circum- 
stances, the atom of carbonate of lime can 
change its shape, and all difficulty as to the 
production of these forms is at an end. 

We suppose, therefore, that " wlien, in the 
process of evaporation or cooling, any two 
molecules are brought together by the forces 
or polarities which produce a crystalline ar- 
rangement, and strongly adhere, they will mu- 
tually compress one another." If the com- 
pression in three rectangular directions be 
equal, the crystal will be a singly refracting 
one: if the compression in two directions be 
equal but different in the third, the crystal 
will be a doubly refracting one with one optic 
axis: and, lastly, if the compression be dif- 
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ferent In each of the three directions, the ( 
tal will doubly refract, and have two optic axes. 

5. Molecular Force*. — Between the mole' 
cules of crystals, as well as of other bodies, 
, there exist attractive and repulsive forces, in 
virtue of which the molecules are retained, not 
II contact, but within certain distances of each 
other. These forces are antagonists, and, there- 
fore, the molecules acting under their influence 
take up a position of equilibrium, where the 
two opposing powers counterbalance each other. 

But in crystals it is necessary to admit, be- 
sides ordinary attraction and repulsion, a third 
molecular force called polarity, which may be 
regarded either as an original or a derivative 
property. Without this it is impossible to ac- 
count for the regularity of crystalline forms. 
Under the influence of a mutually attractive 
force particles would adhere together and form 
masses ; the shapes of which, however, would 
be subject to the greatest variety ; and though 
occasionally they might happen to be tegular, 
yet this could not constantly be the case. 

The simplest conception we can form of po- 
larity is that it depends on the unequal action 
of molecular attraction or repulsion in different 
directions. A molecule endowed with unequal 
attractive forces in different directions may be 
said to be possessed of polarity. 
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A crystal has length, breadth, and depth or 
thickness. It is composed of molecules accu- 
mulated in three different directions corre- 
sponding to these three measurements; and it 
is obvious, therefore, that to account for their 
cohesion we must suppose that they attract 
each other in three directions; moreover, aa 
the relative intensity of their attraction in 
these directions is, in many cases, unequal, it 
might be even supposed that they are three 
different kinds of attractions. To render this 
subject intelligible I shall mate use of some , 
illustrations employed by Dr. Prout in one of 
the Bridge water Treatises. 
i:Fie. 56. Fig. 57. F!g. 58. 




Suppose three molecules to adhere together 
to form a single row, line, or string of mole- 
cules, in virtue of an attractive force which I 
shall distinguish by the name of the length 
force. The points A A A or a a a are s 
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to mutually repel each other, whfle Aa Aa Aa 
mutuallj attract (^^. 56.). 

Let us further suppose that three socli rows 
of particles cohere in virtue of an attractive 
force acting in a direction perpendicular to the 
fithU We may distinguish this as the breadth 
force. The points B B B Qxhhh are sapposed 
to mutually repel, while B& B& Bfr mutoally 
attract These three rows of particles by their 
cohesion form a plane {Jig. 57. )• 

Again, let us assume that three such planes 
cohere together, in virtue of an attractive force 
acting in a direction perpendicular to both the 
other forces. This force we may denominate 
the depth force. The points C C C or c c c 
are assumed mutually to repel, while Cc Cc Cc 
mutually attract. These three planes by their 
union form a solid (Jig. 58.). 

Thus, then, we suppose that the molecules 
of crystals have three rectangular axes of at- 
traction, or " lines along which they are most 
powerfully attracted, and in the direction of 
which they cohere with different degrees of 
force." 

Though, for convenience and facility of ex- 
planation, I have employed the terms length- 
force, breadth-force, and depth-force, I by no 
means wish you to suppose that I adopt the 
notion of the distinct nature of these forces. 
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They may be, perhaps they are, one force act- 
ing in three directions. 

These forces may be equal or unequal, and 
in the latter case two only, or all three may be 
unequal. That is, in some crystals the length- 
force may be equal to the breadth -force, and 
this to the depth-force. Or two only of the 
forces may be equal, the third being unequal: 
or, lastly, all three may be unequal. 

As I have already had frequent occasion to 
speak of the elasticity/ of crystals, and as I shall 
again have to refer to it, I think it proper to 
explain what is meant by it, I have stated 
that the molecules of bodies are not in actual 
contact, but are separated by greater or less 
intervals. They are kept from actual contact, 
to which attraction urges them, by repulsion, 
while their further separation is opposed by at- 
traction. 

Now, we may disturb their state of equili- 
brium. We may, for example, by some com- 
pressing force, compel the particles to approach 
nearer to each other ; but when the disturbing 
cause ceases to act, the particles after a few 
oscillations take up their original position. This 
then is what we mean by elasticity, which is 
obviously a consequence of attraction and re- 
pulsion. An elastic body is one which has the 
property of restoring itself to its former figure 
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after any force wbicli has disturbed it is with- 
drawn. 

If by any force we approximate tbe paTticlea 
of an elastic body, we augment its elasticity, 
and vice versd. Now, as it is repulsion wtich 
opposes the approximation of particles, it ap- 
pears that it is this force principally which con- 
fers on bodies the property called elasticity. 

In some crystals their elasticity is equal in 
three rectangular directions. Such crystals 
may be denominated equielastie. Others, how- 
over, have unequal eksticities in different direc- 
tions, and may be termed utiequielastic. The 
first are single refractors, the latter are double 
refractors. Of the unequielastic crystals, aome 
have two of their three elasticities equal, otha« 
have all three of their elasticities unequal : the 
first may he termed di-unequielastic — the 
second, tri-unequielastic. 

The elasticity in the crystallographical axis 
may fall short of or exceed that in other direc- 
tions : in the first case, crystals are said to have 
a negative or repulsive axis, or an axis of di- 
latation ; in the latter case, they are said to have 
a positive or attractive axis, or an axis of com- 
pression. 

By experiments made by Savart*, on the 
mode of sonorous vibration of crystalline sub- 
• Tiiylor's Scientific Memoirs, vol, L 
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stances, it has been shown, that the negativl 
or repulsive axis is the axis of least elasticity, 
while the positive or attractive axis is the axis 
of greatest elasticity. " In carbonate of lime," 
he observes, " it is the small diagonal of the 
rhombohedron which is the axis of least elas- 
ticity, whilst it is that of greatest elasticity in 
quartz." To be convinced of the accuracy of 
this assertion, it is sufficient to cut, in a rhom- 
bohedron of carbonate of lime, a plate taken 
parallel to one of its natural faces, and to ex- 
amine the arrangement of its two nodal systems, 
one of which consists of two lines crossed rec- 
tangularly, which are always placed on the 
diagonals of the lozenge, the primitive outline 
of the plate ; and the other is formed of two 
hyperbolic branches, to which the preceding 
lines serve as axes (Jig. 59.), but with this 
peculiarity, that it is the small diagonal which 
becomes the first axis of the hyperbola, whilst 



r^. 59. 



-F%. 60. 
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Nodal Systems of Cole Spar. Ditto of Quartz, 
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ft is its second axis in the corresponding plate 
of rock crystal {fig. GO.). 

The following table shows the relation be- 
tween the elasticities and shapes of crystals ! 
Table of the Elasticitiei of CrystaUtm 
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ConclusiottS. — From the preceding remarks 
it will appear, 

1 . That singly refractijig crystals are equiaied, 
equiex pan ding, equielastic, and, on the ellip- 
soidal hypothesis of molecules, may be assumed 
to be made up of spherical atoms, 

2. That doubly refracting crystals are nn- 
eqniaxed, unequiexpanding, unequielastic, and, 
on the ellipsoidal hypothesis of molecules, may 
be assumed to be made up of either spheroidal 
atoms or ellipsoids with three unequal axes, 

3. That uniaxial crystals are di-une qui axed, 
di-une qui expanding, di-unequielastic, and, on 
the ellipsoidal hypothesis of molecules, may be 
assumed to be made up of spheroidal atoms. 

4. That biaxial crystals are tri-unequiaxed, 
tri-unequiexpauding, tri-unequielastic ; and, on 
the ellipsoidal hypothesis of molecules, may be 
assumed to be made up of ellipsoids having 
thi£e unequal axes. 
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5. That doubly refracting crystals, having a 
negative or repulsive axis, expand more, and 
have less elasticity in the direction of the axis 
than in directions perpendicular to this, 

6. Lastly, that doubly refracting crystals, 
having a positive or attractive axis, expand less,, 
and have more elasticity in the direction of the 
axis than in directions perpendicular to this. 



I shall now go through the six systems of 
crystals, separately pointing out the most im- 
portant of their optical and other properties. 

SYSTEM I. 

THE CUBIC OR OCTOHEDRAL SYSTEM. 

Synonymes, — The regular y the tessular^ the 
tesseraly or the isometric system. 

Forms. — The forms of this system are either 
homohedral or whole forms^ or hemihedral or 
half forms. 



Homohedral Forms. 

.1. Regular Octohedron. 

2. Cube or Hexahedron. 

3. Rhombic Dodecahedron. 

4. Icositetrahedron. 

5. Triakisoctohedron. 

6. Tetrakishexahedron. 

7. Hexakisoctohedron. 



Hemihedral Forms. 

1. Tetrahedron or Hemioc- 

tohedron. 

2. Hemicositetrahedron or 

Pyramidal Tetrahedron. 

3. Hemitriakisoctohedron. 

4. Hemihexakisoctohedron. 

5. Hemitetrakishexahedron 

or Pentagonal Dodeca- 
hedron. 

6. Hemioctaklshexahedron. 



19S OM TH£ POLARIZATION OP LIGHT. 

Fig. 61. 




Four Fornu of the Cubic System ; viz.. Cube, RfgtJar 
Tetrahedron, RAombie Dodecahedron and Regular Oc- 
tahedron. 
a a, b b, c c. The three rectangular equal axes, 

CrystaU. — Of the fifty-five or fifty-six 
simple or elementary bodies which have been 
hitherto discovered, the crystalline forms of not 
more than eighteen have been ascertained. Of 
this Dumber, no less than thirteen are referable 
to the cubic system, namely bismuth, copper, 
nher, gold, platinum, iridium (?), iron, lead, 
titanium, mercury, sodium, phosphorus and 
diamond. Now, it appears ^ priori probable 
that simple bodies would have spherical atoms, 
and, therefore, the fact that the above-named 
substances crystallize in forms belonging to the 
cubic system, has been adduced as an addi- 
tional evidence of their simple nature. 

A considerable number of binary compounds 
also belong to this system — as the ckloridet of 
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sodium, potassium, and silvery sal ammoniac; 
the bromide and iodine of potassium ; jlaor 
spar, and the sulpkurets of zinc (blende), lead 
(galena), silver, and iron (pyrites). 

Some substances which contain more than 
two elements, also belong to this system, as 
alum and garnet. 

Now, if the cubical form be an argument for 
tlie simple nature of the metals, why, it may 
be asked, do so many compound bodies present 
the same form 1 To tbis we can offer no satis- 
factory reply ; and I think, therefore, we may 
conclude, with Dr. WoUaslon, " that any at- 
tempts to trace a general correspondence be- 
tween the crjstallographical and supposed 
chemical elements of nature must, in the pre- 
sent state of the sciences, be premature." 

Properties. — The crystals of tbis system 
have the following properties : — They are equi- 
axed singly refracting, equiex pan ding and 
equielastic. We assume their molecules to be 
spherical. 

When examined in the polariscope they pre- 
sent no traces of colour. 

Exceptions, — A few exceptions exist to 
some of the preceding statements ; but they 
are probably more apparent than real. 

1, Several crystals of this system, as the 
diamond, fluoc spar, alum, and common salt. 
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sometimes exhibit traces of a doubly refra 
structure. But this is aacribable to irregular- 
ities of crystallization, or to the operation of 
compressing or dilating forces. 

2. Boracite (a compound of boracic acid and 
magnesia) crystallizes in the general form of 
the cube ; the edges of which are replaced, and 
the diagonally opposed solid angles dissimilarly 
modified. Instead, however, of being merely 
a single refractor, as its shape would lead us to 
expect, Sir D, Brewster found that it was a 
double refractor, with one positive axis of 
double refraction in the direction of a line join- 
ing two opposite solid angles of the cube. So 
that, in point of fact, it possesses the proper- 
ties of a rhombohedric crystal. We may, there- 
fore, regard it as a rhombohedron, whose an- 
gles differ from a right angle by an infinitely 
amali quantity. 

3, Analcime or cubizite (hydrated silicate of 
alumina and soda) constitutes another remark- 
able exception to the general rule, that crystals 
of the cubic system are devoid of a doubly 
refracting structure. The most usual form of 
this crystal is the icosi tetrahedron. Now if we 
suppose, says SirD. Brewster, its contained cube 
" to be dissected by planes passing through all 
the twelve diagonals of its six faces, each of 
these planes will be found to be a plane of no 
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double refraction or polarization." All inter- 
mediate portions doubly refract. From every 
other known doubly refracting crystal anal- 
cime differs in the circumstance^ that all its 
particles do not equally possess the property of 
double refraction, those in the planes above 
mentioned being devoid of this power, and the 
others possessing it in proportion to the squares 
of their distances from these planes. It differs 
from unannealed glass in the fact that a change 
in its external form does not give rise to a 
change in its polarizing power ; but each frag- 
ment possesses the same optical property, when 
it is detached from the mass, that it had when 
naturally connected with its adjacent parts. 
Analcime, therefore, is a complete optical 
anomaly. 

It has been suggested, that these curious 
optical properties may depend on the presence 
of both a doubly and a singly refracting 
mineral ; and the fact, that the large opaque 
crystals of analcime, found in the valley of 
Fassa in the Tyrol, are traversed by plates of 
apophyllite (a doubly refracting crystal), lends 
support to this hypothesis. 

SYSTEM IL 

THE SQUARE PRISMATIC SYSTEM. 

Synonymes. — The four-memhered or two- 

o2 
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and ane-axed, the pyramidal, the tetragonal, or 

the monodimetric system. 

Forms. — The forma of this Bjstem are either 
homohedral or whole forms, or hemikedral or 
half-forms. 



Homohedral Form*. 

1. Octohedron with equare 

2. Terminal Face or Hori- 

zontal Plane. 

3. Sq«areP''iain(oftwopo- 

eitions). 

4. Dioctohedron or Gight- 

eided Pyramid. 

5. Eight-sided FriBm. 



Hemhedrdl Form*. 

1, Hemioctohedron or 

trahedron. 

2. Hemi-dioctolieclron. 



Te- 




Fow Forms of the Sqtiare Friimatic Syttem ; viz., Ttco 
Sqiiare Prismi in different Positions, and Tieo OOohedra 
wiOi Square Bases. 

a a, Principal axis, b b, e, e, Secondary axes. 

Crystals. — Among the crystals • of this 
• Sowerby (^nn. Phil xvi. 223.) mentions cryatalaof 

PoMadiwa in the form of octohedra with a square base, 

and of symmetrical prbms. 
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system are chloride of mercury (calomel), bicy- 
anide of mercury, ferrocyanide of potassium 
(yellow pruasiate of potash), peroxide of tin, 
copper pyrites, zircon, and apophyllite. 

Properties. — The crystals of this system 
have the following properties : — They are di- 
unequiased, doixhly refracting with one optic 
axis, di-unequi expanding, and di-une qui elastic. 
We assume their molecules to be either prolate 
or oblate spheroids. 

The two equal rectangular geometric axes of 
this system are called secondary axes ; while the 
third or odd one, which may he greater or less 
than the others, is the principal or prismatic 
axis, or the crystallographical axis, or the axis 
of symmetry. The optical characters of this 
system are the following : — The crystals are 
doubly refracting, with optic axis, which coin- 
cides with the principal axis. 

If a thin slice of a crystal of this system, cut 
perpendicularly to the principal axis, be placed 
in the polariscope, it presents a system of cir- 
cular rings, with a cross, which is either black 
or white, according to the relative positions of 
the polarizer and analyzer. 

Ferrocyanide of potassium (commonly called 
prussiate of potash) may be conveniently used 
to show these effects. As found in commerce 
it usually occurs in the form of truncated oeto- 
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hcdrona having a square base. It should 
split with a lancet in the direction of its lamina, 
that is, perpendicularly to its principal axis. 
Plates of about a quarter of an inch or more in 
thickness serve for the potariscope. They pre- 
sent a cross, and a negative system of circular 
rings; but the yellow colour of the crystal 
affects the brilliancy of the tints. 

Zircon (a compound of silica and zirconia) is 
valuable for optical purposes, on account of il« -_ 
being a positive uniaxial crystal. Hence if m 
plate of it, which gives a system of rings of thM 
very same size aa that produced by a plate ot' 
Iceland spar (a negative uniaxial crystal) be 
superposed over the latter plate, the one system 
of rings is completely obliterated by the other; 
and the combined system exhibits neither 
double refraction nor polarization. 

I shall defer all explanation respecting the rings 
and cross of this system until I speak of Iceland 
spar (a crystal of the rhombohedric system). 

Exceptions. — Some exceptions to the above- 
mentioned properties of the crystals of this 
system exist, and require to be noticed- 

1. Ferroeyanide of potassium is subject to m 
irregularities of crystallization ; and certaiitfl 
specimens present a double system of rings, orjfl 
in other words, are biaxial. Certain uniaxial 
specimens give a positive system of rings. 
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2. Apophyllite or Fisheye-stone (a compound 
of silica, lime, potash, and water) possesses 
some remarkable properties. In the most com- 
mon variety, that from Cipit in the Tyrol, the 
diameters of the rings are nearly alike for all 
colours — those of the green rings being a little 
less. Some specimens of apophyllite, called 
by Sir D. Brewster tesselated apophyllite^ pre- 
sent, in the polariscope, a tesselated or compo- 
site structure, instead of the ordinary cross and 
circular rings. They will be described hereafter 
among the tesselated or intersected crystals. 

SYSTEM IIL 

THE RHOMBOHEDRIC SYSTEM. 

• Synonymes. — The threes and one-axed, the 
klinohedricy the hexagonal, or the trimetric 
system. 

Forms* — The forms of this system are either 
homohedral or hemihedraL 



Homohedral Forms. 



1. Double Six-sided Pyra- 

mid (Hexagondodeca- 
hedron). 

2. Right Terminal Face 

(Horizontal Plane). 

3. Hexagonal Prism. 

4. Double Twelve-sided 

Pyramid (Didodecahe- 
dron). 

5. Twelve-sided Prism. 

o4 



Hemihedral Forms, . 

1. Rhombohedron (Hemi- 
dodecahedron). 

2. Scalenohedron. 
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Three Fomu of the Shombohedric Sj/tfem ; viz.. On 
Hexagonal Prigm, the Scalene Dodeeahednm and tke 
Rhonibo?iedT(m. 

a a, The principal axis. hh,ce,dd. The secondary axes. 

CTystais.— -To this system belong some bo- 
dies supposed to be simple or elementary ; viz., 

antimony, arsenicum, and teUuriutn." 

Plumbago or graphite and the native alloy 
of iridium and osmium also belong to this 
system. 

Ice, magnetic iron pyrites, cinnabar, chloride 
of calcium, Iceland spar, carbonates of iron and 
zinc, dolomite {magnesian carbonate of lime), 
nitrate of soda, hydrate of magnesia, tourmaline, 
talc, beryl, chdbasite, quartz, and one-axed 
mica belong to this system. And here it may 

• Rose inserts '* Fal!adi)mt{fy' among rhombohedric 
crystals. 
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be necessary to remark, that the substance 
known to mineralogists by the name of mica, 
and which, in trade, is usually but improperly 
termed talc*, varies in its crystalline forms 
and optical properties. One kind crystallizes 
in regular hexagonal prisms, which cleave with 
extreme facility in one direction, viz., perpen- 
dicularly to their axis. This has only one axis 
of [no] double refraction, and consequently 
when a lamina of it is placed in the polariscope 
it presents only one system of circular rings 
traversed by a cross. This is the kind called 
rJwmbohedral or uniaxial mica, the majority of 
specimens of which have a negative or repul- 
sive axis, though some have a positive or at- 
tractive one. But there is another kind of 
mica, of more frequent occurrence in the shops, 
and which is called by mineralogists prismatic 
or diaxial mica. It has two axes of double 
refraction, and consequently when a plate of it 
is placed in the polariscope, two systems of 
coloured rings are perceived. This kind of 
mica exists in two forms ; one is crystallized 
in right prisms, the other in oblique prisms. 
Hence I shall distinguish the one as right pris- 

' Talc is readily diatinguiahed from mica byitagreasy 
or nnetuouB feel. The moat familiar kind of talc ia that 
Bold in the ahopa under the name of French Chalk. It 
is talc in an indurated earthy furm. 
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matic mica, the other as oblique pritmatic mica. 
They will be described hereafter. In conclu- 
sion, then, the kinds of mica may be thus ar- 
ranged : 

{Rhnmbohedricorl Withanegntive asis, or 
Utibxial f Witli a posUive axis. 
Frismatic or Di- 1 Eight Priamatic. 
axial J Obiiiiue Prismatic. 

The principal constituents of mica are silica 
and alumina. But it also contains potash and 
sesquioxide of iron. 

Properties. — The forms of this system possess 
four axes"; viz., three equal ones, called the 
aecondary axes, placed in one plane, and cross- 
ing in the centre at an angle of 60° ; and a 
fourth, termed the priricipal axis, or the axit 
of iymmetry, or the cTysfallograpkical ctxit, 
perpendicular to the others, from which it dli- 
fers in length. They are double refractors, 
with one optic axis coincident with the prin- 
cipal axis. They are di-unequiexpanding bo- 

• The description aiiopted in the lectures is that of 
Weias and Rose; some other writera admit only three 
axes. TLua, Turner {Elements of Chemistry 7th ed., p. 
58S.) <leBcribes three equal but not rectangular axes; 
while Griffin (Sgnteia of Crystallography, pp. 151. and 
258.) admits three rectanf,'ular but unequal axes. 
Neither of these modes of deaoription appear to me so 
completely to connect the form with the optical and 
other properties of the crystals as Weiss and Hose's 
method. 
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dies, the expansion being different (greater or 
less) in the principal axis from that in the 
secondary ones. They are d i-une qui elastic ; 
the elasticity in the principal axis being either 
more or less than that in the secondary axes. 
With regard to the atoms, we may assume 
their shape to be spheroids. 

Iceland spar (Ca CO,) may be con- 
veniently nsed to illustrate the optical pro- 
perties of the crystals of this system. It oc- 
curs in rhomboidal masses, which by cleavage 
yield obtuse rhombohedra. The line which 
joins the two obtuse summits of one of these 
rhombohedra is called the shortest or principal 
axis, the cryslallographical axis, the axis of 
the rhomboid, or simply the axis. A plane 
drawn through this axis, perpendicularly to a 
face of the crystal, is called the principal sec- 
tion. This section belongs rather to a face 
than to the entire crystal, for each face has its 
own. Now, when the incident rays are per- 
pendicular to the face of the crystal, both the 
ctrdinary and extraordinary rays are always 
found in the same plane, so that the deviation 
of the extraordinary pencil takes place in the 
plane of the principal section. Every plane 
in the interior of the crystal, wliich is perpen- 
dicular to the axis, is called a section perpen- 
dicular to the axis, or the equator of double 
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refraction. In this plane the doubly refracting 
force is at a maximum, and when a ray 
incident in this plane, the resulting extraordi- 
nary and ordinary rays are botli in the same 
plane. 

If a plate of Iceland spar, cut perpendicu- 
larly to the principal or shortest axis, be placed 
in the polariscope, the polarizing and analyzing 
plates being crossed, we observe coloured curves 
or concentric rings intersected by a rectangular 
black cross, the arms of which meet at the 
centre of the rings (Jig. 64.). 

Fig. 64. i^. 65. 




' EQUAL TINT. 

lines of equal tint, or isochromatic lines (from 
Ttroj egual and j^ptofiaruto; coloured). In this 
and other uniaxial crystals they are disposed 
in concentric circleSj and are similar to Newton's 
rings seen by reflection. 

If we revolve the plate of Iceland spar on its 
axis, the rings and cross preserve the same po- 
sition; but if either the polarizing or analyzing 
plate be rotated, some remarkable changes 
occur. 

Suppose the analyzing plate to be turned 
45° round the incident ray in a left-handed 
direction, we observe that the original or pri- 
mary coloured rings grow fainter or more di- 
lute, and the cross seems to shift its position 
to tbe left, wbile its blackness lessens and is 
replaced by another set of rings, which alter- 
nate with and are complementary to, the ori- 
ginal curves {fig. 65,). 

If the analyzing plate be rotated 45° further 
in the same direction, that is, 90° to tbe first 
or original position, the black cross is replaced 
by a white one, and the original set of coloured 
rings is succeeded by a second or complementary 
set, the rings of wliich are intermediate to the 
original ones, and are similar to Newton's rings 
seen by transmission [fig. 66.). 

If the system of rings with a black < 
{Jig. 64.) were superposed in the system with 
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the white cross (Jig. 66.), white light would I 
reproduced. 

If the incident polarized light be white, the 
rings consist of compound tints produced bj 
the superposition on each other of rings formed 
by each of the homogeneous rays composing 
white light. Of course, if the rings of all the 
colours were of the same size, the resulting 
system would consist of black and white rings ; 
but being of different dimensions, we obtain a 
system of different colours, lu this case, the 
cross is either black or white, not coloured. 

If the incident polarized liglit be homo- 
geneous the rings consist of rings of the colour 
of the light employed, separated by black rings. 
Thus, suppose red light to be used, the rings 
will be alternately red and black ; whereas if 
blue light be employed, they will be alternately 
blue and black. Their size varies with the 
colour of the light : red produces the largest, 
violet the smallest system of rings. In all 
cases in which homogeneous light is employed, 
the cross is either a black or a coloured one. 

The radii of the bright rings are as the square 
roots of the odd numbers, 1, 3, 5, 7, Sec. ; 
while those of the dark rings are as the square 
roots of the even numbers, 2, 4, 6, 8, &c. In 
other words, the squares of the diameters of 
the bright rings are as the odd numbers, 1, 3, 
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5, 7, &c. ; while the squares of the diameters of 

the dark rings are as the even numbersj S, 4, 



qnsreof Ihe dia- f JBrfgll ring! 



The actual diameter and breadth of the rii^ 
are increased by diminishing the thickness 
of the crystalHne plate. To speak more pre- 
cisely, the radii of the rings are inversely as 
the square root of the thickness of the plate ; 
and, therefore, the rings are smaller with a 
thick plate than with a thin one. Thus, while 
a plate of a given thickness vriU produce a 
system of rings, the whole of which can be 
seen at once, a plate considerably thinner will 
give rings of so much larger diameter and 
greater breadth, that the whole system cannot 
he taken in at once by the eye. It is obvious, 
therefore, that the comparative doubly refract- 
ing power of two uniaxial crystals may he as- 
certained by observing the size of the rings 
produced by plates of equal thickness ; with a 
powerful doubly refracting crystal the rings are 
less than with a crystal possessing this pro- 
perty in a weaker degree. In fact, the radii 
of the rings are inversely as the doubly refract- 
ing power of the crystah 

Let us now endeavour to explain generally 
the origin of the coloured rings and of the 
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cross, according to the undulatory hypothesis ; 
and, for precision and brevity of description, 
I shall suppose that tourmaline plates are used 

I in the polariscope both for polarizing and ana- 

I Ijziog. 

The first tourmaline plate polarizes the light 
which is then incident on the Iceland spar. In 
their progress through the latter some of the 

I polarized rays suifer double refraction, others 
e transmitted without undergoing this change. 
For there are two rectangular planes of pola- 
rization of the luminous rays in Iceland spar, 
one of the plane of polarization of the ordinary 
rays, the other of the extraordinary rays ; and 
in those parts of the crystal in which the plane 
of polarization of the incident light coincides 
with either of the planes of polarization of the 
rays in the crystal, no double refraction occurs. 
On the other hand, in those parts of the crystal 
I which neither of its planes of polarization 

[ coincide with the plane of the incident pola- 

[ fized light, double refraction ensues. 

All the ordinary rays which emerge from 

I the crystal are polarized in planes which pass 
through the principal axis of the crystal t while 
the extraordinary rays will be polarized in 
planes perpendicular to these, Tistjiff. 67 re- 

t present the crystalline plate cut perpendicularly 

I to the axis e. The radiating white bnes repre- 
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sent the planes of polarization for the ordinary 
rays, and the circular white lines the planes of 
polarization for the extraordinary raj's. 
Fig. 67. 

Bhe two sets of rays (that is, the ordinary 
the extraordinary) form two cones of re- 
_fid rays, having a common axis coincident 

' with the axis of the crystal. The summit, or 
apex of each cone, will be at the eye of the 
observer ; and the diameter of the base of the 
cone will of course vary according to its dis- 
tance from the eye. The different raya, of 
which each cone is made up, undergo different 
changes. Those which form the axis of the 
cone traverse the plate at a perpendicular inci- 
dence, and, therefore, are not refracted ; while 
those which pass through the plate obliquely, 
undergo double refraction. 
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The ordinary or the extraordinary rays f(Kt 
ing the same cone have not all an equal inten- 
sity at different parts of its circunifeience. For 
if the plane of polarization of the incident light 
be identical with or parallel to a b,jig. 67., it is 
evident that, while the intensity of the ordinary 
rays will be at a maximum in the plane a b, 
and at a minimum, or nil in a direction perpen- 
dicular to this c d, the intensity of the extra- 
ordinary rays will be at a maximum in the plane 
c d, and at a minimum or nil in a direction per- I 
pendicular to this, a b. | 

Hence those rays which are incident on the i 
crystal in the plane a b, traverse the plate with- 
out having their plane of polarization charged, 
emerge as ordinary rays, and, by the subsequent 
action of the analyzing plate, form two arms 
of the rectangular cross, a h {Jig. 67.). Those 
rays which are incident on the crystal at any 
point of the line c d also traverse the crystal | 
without having their plane of polarization I 
changed, but they emerge I 
as extraordinary rays, and, 1 
by the subsequent action of | 
yi. d tli6 analyzer, form the re- \ 
maining two ai'ms of the 
rectangular cross c A (^Ji^. i 
68.). The two seta of po-J 
larized incident raya if 
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thus traverse the crystal, without having their 
plane of polarization changed, and emerge, the 
one as the ordinary, the other as the extraordi- 
nary rays, form either a black or a white cross, 
according as they are either suppressed or trans- 
mitted hy the second or analyzing tourmaline. 
If the two tourmalines he crossed the rays are 
suppressed — if they coincide the rays are trans- 
mitted. In the first case we perceive a hiack 
cross, in the second a white one. 

Thus, then, all the rays which emerge from 
the second surface of the crystal, at any point 
Fig. 69. of the two hues a b, c d {fig. 

a 69.), will not be divided into 

two, nor have their planes of 
polarization altered. But all 
— d the polarized rays which are 
incident on the crystal in any 
direction intermediate be- 
h tween the positions a b and 

c d suffer double refraction, since their planes of 
polarization coincide neitiicr with the plane of 
polarization of the ordinary, nor with that of 
the extraordinary rays ; that is, the vibrations 
of the incident rays are resolved into two sets, 
one which forms the ordinary rays, and the 
other perjiendicular to it, which forms the ex- 
traordinary rays. The two systems of waves 
produced by these two sets of vibrations pro- 



luently they I 
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ceed through the crystal with anequalv 
and describe different paths ; consequently they 
emerge in different phases, that is, in a condi- 
tion for suffering interference by the action of 
the analyzer. In my last Lecture, however, I 
80 fully explained the agency of the analyzer 
in giving rise to the phenomena of colour, that 
I need not now enter further into it. I shall, 
therefore, only add, that the coloured rings owe 
their origin to interference. 

A circumstance which affects the formation 
of the rings, is the inclination of the polarized 
rays to the optic axis of the crystal. In the 
axis itself, where the arms of the cross pass 
athwart each other, no colour is produced, cob- 
sequeutly there can be, in this position, no 
double refraction. But those rays which suffer 
double refraction and produce colour, traverse 
the crystal obliquely, and at an inclination to 
the optic axis, and the obliquity or inclination 
augments in proportion as we recede from the 
centre or axis. Now the effect of an increase 
in the inclination of the rays to the optic axis 
is equivalent to an increase of thickness in the 
crystals. Hence it is obvious why we have 
rings, and not a uniform tint, as in the case 
of the thin films of selenite described in our 
last Lecture. Moreover, it is obvious that at 
.equal distances around the axis the incline 
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tiona will be the same, and consequently the 
similar tints will be found at equal distances 
fi'om the axis ; in other words, the lines of 
equal tint or isochromatic lines will be disposed 
in concentric circles. 

That the tints of the system of rings accom- 
panying the black cross should be comple- 
mentary to those which accompany the white 
cross, will be readily understood from what 
was stated in the last lecture respecting the 
office of the analyzing plate. 

The rings of the two systems do not occupy 
the same position) but are transposed ; that is, 
the bright rings of the one system occupy the 
position of the dark rings of the other system. 
The cause of this obvious — the rings of the 
two systems are produced by different rays. 
The two sets of rays which successively pass 
through the tourmaline analyzing plate in its 
two positions, would, if this plate were not in- 
terposed, pass simultaneously and produce a 
uniform tint of the same colour as that of the 
incident light. In other words, without the 
analyzer neither cross nor rings would be 
perceived. 

But why, it may be asked, is the maximum 
brilliancy of the rings at the middle of the four 
quadrants ; that is, in lines or directions which 

i e<LuidistaQt from the two nearest arms of 
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the cross ? Because, it may be replied, it is at 
these spots that the ordinary and extraor- 
dinary rays (produced by double relraction) are 
equal. On either side of these directions the 
ordinary ray has either a greater or less inten- 
sity than the extraordinary one. 

Iceland spar has, as 1 have already stated, a 
negative or repulsive axis ; and I shall take this 
opportunity of explaining the method used by 
Sir D. Brewster for distinguishing whether the 
axis of a crystal be positive or negative. Take 
a film of selenite (sulphate of lime), and mark 
on it the neutral axes; then, by a little wax, 
attach it to a plate of Iceland spar (cut so as to 
show the rings), and place them in the polar- 
iscope. If the film by itself produces the red 
of the second order, it will now, when com- 
bined with the Iceland spar, obliterate part of 
the red ring of the second order in two alter- 
nate and opposite quadrants (either a c and 6 d, 
or ad and b c, Jigs. 64. and 65.). The line of 
the film which crosses these two quadrants at 
right angles to the rings is the principal axit 
of selenite, and should be marked as such. 
Then if we wish to examine whether any other 
system of rings is positive or negative, we have 
onlj' to cross the rings with the principal axis 
** by interposing the film : and if it obliterates 
the red ring of the second order in the qua- 
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drant which it crosses, the system will he nega- 
tive; but if it obliterates the same ring in the 
other two quadrants which it does not cross, 
then the system will be positive. It is of no 
consequence what colour the film polarizesj as 
it will always obliterate the tint of the same 
nature in the system of rings under examin- 
ation." 

Plates of tourmaline, obtained by cutting 
the crystals at right angles to the principal or 
prismatic axes, aa described in my'first Lecture 
(Jig- 24,, p. 58.), present circular rings and a 
cross, when examined by the polariscope. 

Ice belongs to the rhombohedric system. 
The beautiful and regular, though varied, 
crystalline forms of snow may he regarded as 
skeleton crystals of this system. I have here 
depicted (seejfj, 70.) a few forms taken from 
Captain Scoresby's work on the Arctic Re- 
gions ; and in them you may readily trace the 
three secondary axes (5 b, cc, d d), placed in 
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^ iazie planey aiui izLciizied Co each other at an 
in zle o: ^t/. wLUe the ibarth or principal axis 
2 a La terpeadicular u trie other three. 

Now, II t'jz. tike a sheet of clear ice, about 
an incj. liiick. an.d which has beea slowly 
romied in stilL weather, and examme it bj the 
poiariscope, tou will readily detect the circular 
rinss and croas- The svstem of rinss formed 
by ice is positive or attractire ; and, therefore, 
is of an opposite kind to that of Iceland spar. 

ExceptiofTii. — To the general properties of 
crystals of the rhombohedric system some ex- 
ceptions exist. 

1. In Iceland spar, beryl, and other crystals 
of this system, the rings are not un&equently 
distorted, owing to irregularities of crystalline 
structure. 

2. Quartz belongs to this system, but its op- 
tical phenomena are very different to those of 
any other crystal, and will be described in my 
next Lecture. 

3. Amethyst is another exception, which I 
shall hereafter describe. 

4. Chabasite (a mineral compound of silica, 
alumina, lime water, and potash) is a rhom- 
bohedral crystal, sometimes endowed with re- 
markable optical properties. " In certain 
specimens of this mineral," says Sir D, Brew- 
ster, *^ the molecules compose a regular central 
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crystal, developing the phenomena of regular 
double refraction ; but in consequence of some 
change in the state of the solution, the mole- 
cules not only begin to form a hemitrope crystal 
on all the sides of the central nucleus, but each 
successive stratum has an inferior doubly re- 
fracting force till it wholly disappears. Beyond 
this limit it appears with an opposite character, 
and gradually increases till the crystal is com- 
plete. In this case the relative intensities 
of the axes or poles from which the forces 
of aggregation emanate have been gradually 
changed, probably by the introduction of some 
minute matter, which chemical analysis may be 
unable to detect. If we suppose these axes to 
be three, and the foreign particles to be intro- 
duced, so as to weaken the force of aggregation 
of the greater axis, then the doubly refracting 
force will gradually diminish with the intensity 
of this axis, till it disappears, when the three 
axes are reduced to equality. By continuing to 
diminish the force of the third axis the doubly 
refracting force will reappear with an opposite 
character, exactly as it does in the chabasite 
under consideration." 

SYSTEM IV. 

RIGHT PRISMATIC SYSTEM. 

Synonymes. — The right rhombic prismatic^ 
or right rectangular prismatic system, the pris'^ 
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matte si/stem, the tao- and two-membered or 
one- and one-axed si/stem, the oHhotype system, 
the rhombic or the holohedrio^homhic system. 

Forma. — In this system are included the 
right rhombic prism, the right rhombia octo- 
hedron, the right rectangular prism, and the 
right rectangular octahedron. Rose eaumerates 
the following forms as belonging to this system : 

Hojnohednd. 
I, Forms whose fa^ee a 

inclined to all three 

sji.es (Octohedra). 
% Forms whose faces Eire 

inclined to two axes, 

but are parallel to t' 

tbird (Prisitu). 
3. Forms whose faces a 

inclined to one axish 

are parallel to the f 

others (^Sir^le Planes). 

Fig. 71. 
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Right Rectangular Odohe- 

Right Rhombic Octohedrom. 
prismatic'axis. l)b,cc. Secondary axqi. 



RIGHT PRISMATIC SYSTEM. 219 

Crystak. — The simple or elementary- bodies 
wliich crystallize in forms belonging to this 
system are only three, namely, iodine, native 
sulphur, and selenium. 

Among the binary compounds we have pyro- 
lusite (binoxide of manganese), wMte antimony 
(aesquioxide of antimony), bichloride of mer- 
cury, chloride of barium, orpiment, and grey 
antimony (sesquisulphuiet of antimony). 

A considerable number of salts belong to 
this system, as the carbonates of lead, baryta, 
strontian, potash, and ammonia; the bicarbonate 
of ammonia, and that variety of carbonate of 
lime called Arragonite ; the nitrates of potash, 
ammonia, and silver; the sulphates of magnesia, 
zinc, baryta, and strontian, and bisulpkate of 
potash; Rochelle salt (tartrate of potash and 
soda) and emetic tartar (tartrate of potash and 
antimony). 

To the above must be added the following sub- 
stances: topas, dichroile, citric acid,andmorphia. 

Properties. — The crystals of this system pre- 
sent the following properties : — They have three 
rectangular axes all of different lengths ; they 
are doubly refracting with two optic axes, and 
are tri-unequi expanding. Consequently they 
have three rectangiilar unequal elasticities. On 
the ellipsoidal hypothesis, their atoms arc ellip- 
soids, with three unequal axes. 
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They present do crystallographical charactw 
by which the principal oris can be distiw 
gulshed from the others called secondary a 
so that in a. geometrical point of view 
choice of this axis is altogether arbitrary, 
considered optically the principal axis is 1 
middle point between the two nearest poles 
no polarization. It corresponds with what ia 
called by Mr. Brooke ^e: prigmaiic axis; that 
is, the axis which passes through the centres of j 
the terminal planes of the prism. 

If you examine one of the simple or primal 
forms of this system — say this unmodified i 
tangular prism (the outer prism of Jig. ' 
you observe there is no single line arotu 
which llie figure is symmetrical ; nor any squai 
plane, or plane which can be inscribed within 
the circle. But let each of the two opposite 
terminal edges be replaced by a square plane, 
both equally inclined to the prismatic axis, and 
the line which passes through the centre of 
each of these planes will represent the direction 
of one of the optic axes. 

As the crystals of this system have two optic 
axes, they present, when examined by the pola- 
riscope, a double system of rings. In nitre, 
carbonate of lead, and Arragonite the incHnation 
of these axes is small; and, therefore, both s 
, tems of rings may be seen at the same time* 
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In order to examine these by the polariscopej 
we must, in the case of the three crystals just 
mentioned, cut slices of them perpendicularly 
to the principal or prismatic axis. But in 
topaz, right prismatic mica, and Rochelle salt, 
the inclination of the optic axes is too great to 
permit both of them to be seen simultaneously; 
and, therefore, only one of them can be seen 
at a time. Consequently, if we examine by 
the polariscope, a plate of any of these crystals) 
cut at right angles to the prismatic axis, we 
must incline it £rst on one side and then on 
the other, to see successively the two systems 
of rings. To obviate this inconvenience, plates 
of these crystals should be prepared by grinding 
and polishing two parallel faces perpendicular 
to the axis of one system of rings. 

Nitrate of potash, also called Ttifre or salt- 
petre (NO5 + KO), is a very instructive crystal 
for illustrating the double system of rings. It 
is usually met with in the form of a six-sided 
prism, with diedral summits. 

For placing in the polariscope, we use plates 
of from xVth to j^th of an inch in thickness, 
cut perpendicular to the prismatic axis. If 
one of these be put in the polariscope in such 
a position that the plane passing through the 
optic axes is in the plane of primitive polariza- 
tion, we shall then perceive a double system of 
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coloured elliptical or oval rings, intersected by 
a cross ; but the centre of the cross is equi- 
distant from the centres of the two systems of 
rings, so that through the centre of each system 
passes one arm or bar of the cross, the other 
arm being at right angles to the former. When 
the polarizing and analyzing plates are crossed, 
we have a double system of coloured rings, 
with a black cross {Jig. 72.); but when the 
polarizing and analyzing plates coincide, we 
have another double system of coloured rings, 
exactly complementary to the first, with a 
white cross {fig. 73.). 

Figt. 72. and 73, 




If when the analyzing and polarizing t 
I'lnaline plates are crossed, we revolve the pll( 
' -of nitre in its own plane (both the toiirmal 
plates remaining unmoved) the black 
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Opens into two black hyperbolic curves, "When 
the angle of rotation is a quarter of a right 
angle, we have the appearance represented by 
Jig. 74, ; when it equals half of a right angle, 
the black arms have assumed the forms of 
Jig. 75. 

Fig. 74. Fig. 75. 




Here, then, is a remarkable distinction be- 
tween biaxial and uniaxial crystals, for you 
will remember I demonstrated that when the 
uniaxial crystal was rotated in the polariscope, 
the black cross retained its position and shape. 

The variation of form, as well as the general 
figure of the isochromatic lines, resembles the 
curve called by geometers the lemniscate. The 
inner rings encircle one pole only, but the 
outer ones surround both poles. The number 
of rings which surround both poles augments, 
as we diminish the tliickness of the plate of 
nitre, until all the rings surround both poles, 
and the system thus greatly resembles, in ap- 
pearance, the rings of a uniaxial crystal, from 
which, however, they are distinguished by their 
oval form. 
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I have already statedj that in biaxial c 
the optic axes for different colours do i 
incide. In the case of nitre, the axes for red 
make with each other a smaller angle tlian the 
axea for blue. That is, the red ends of the 
rings are inward, or between or within the two 
optic axes, while the blue ends are outwards, 
or exterior to the two axes. But as the red 
rings are larger than the blue ones, it follows 
that there are points exterior to the axes where 
all the colours are mixed, or all are absent. 

; these spots, therefore, the rings are nearly 

lite and black. Now, if we trace the same 
rings to the positions between the axes, " the 
red rings will very much over-shoot the blue 
rings ; and, therefore, the rings have the colour 
peculiar perhaps to a high order in Newton's 
scale."* 

If we attempt to illustrate the mode of for- 
mation of these rings in a way analogous to 
that pursued for the circular rings in uniaxial 
crj'stals (as at p. 209.), it will be easily apparent 
that no very simple or exact representation of 
that kind can be given on account of the light 
not being here symmetrical with regard to any 
one point. If we investigate the subject ma- 
thematically, the construction may, indeed, be 
readily made out, for which the reader is re-_ 
• Airy, Malhemalical TracU, p. 39G. 2nd. ed. 1831. 
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ferred to Mr. Airy's Tracts, art. 163. : but it 
would be impossible to convey any distinct 
idea without going into the whole analysis. 
We may, however, give a sort of approximate 
representation of the case by means of the fol- 
lowing figure, which corresponds to the one for 
uniaxial crystals in page 209. Here the curves 
represented are vert/ nearly, but not accurately, 
Fig. 76. 




confocal elapses and confocal hyperbolas, o o', 
the position of the optic axes, are the foci of 
all the ellipses and all the hyperbolas. These 
ellipses and hyperbolas are so described that 
they cut each other at right angles.* 

When the optic axes coincide, the crystal 
becomes uniaxial, and the hyperbolas dege 

* This coDBtmctioD vaa communicated t^ tlie Author 
by a friend in Cambridge. 
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nerate into the radiating lines in j^. 67. 
209., and the ellipses become the circles of the 

same figure. 

Native crystallized carbonate of lead con- 
stitutes a splendid polariscope object. It is to 
be cut like nitre ; that is, perpendicularly to 
the prismatic axis. The optic axes are but 
slightly inclined (about lO^"), and, therefore, 
both of them may be simultaneously perceived. 
The systems of rings have a similar form to 
those of nitre, and, like the latter, the red ends 
of the rings are inwards, the blue ends out- 
wards. 

Arragonite forms an interesting polariscope 
object. It is identical in chemical composition 
with calcareous or Iceland spar, but differs in 
crystalline form : calcareous spar belonging to 
the rhombohedric, Arragonite to the right pris- 
matic, system. According to Gustav Rose, 
both these forms of carbonate of lime may be 
artificially produced in the humid way, but cal- 
careous spar at a lower, Arragonite at a higher, 
temperature. In the dry way, however, cal- 
careous spar alone can be formed. 

The inclination of the optic axes of Arrago- 
nite being small (about 18°) we can easily see, 
at the same time, the two negative systems of 
rings surrounding their two poles, but consider- 
ably more separated than in the case of nitre. 
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For this purpose, a plate of the crystal is to be 
cut perpendicularly to the prismatic axis, that 
IS, equally inclined (at about 9°) on each of the 
optic axes. If we rotate the plate of Arragonite 
on its axis in the polariscope, the tourmaline 
plates being crossed and unmoved, the two sets 
of rings appear to revolve around each other. 
By superposing two plates of Arragonite, we 
obtain four systems of rings. 

In Roehelle salt (tartrate of potash and soda), 
the optic axes of the differently refrangible or 
coloured rays are considerably separated. Zf a 
plate of this crystal, cut perpendicularly to the 
prismatic axis, be inclined first on one side and 
then on the other, both the systems of rings 
may be successively perceived. But to observe 
the separation of the axes for differently co- 
loured rays. Sir J. Herschel directs the plate 
to be cut perpendicularly to one of its optic 
axes. If we view the rings with homogeneous 
light they appear to have a perfect regularity 
of form, and to be remarkably well defined. 
With differently coloured lights, however, they 
not only differ in size but in position. If the 
light be " alternately altered from red to violet, 
and back again, the pole, with the rings about 
it, will also move backwards and forwards, 
vibrating, as it were, over a considerable space. 
If homogeneous rays of two colours be thrown 
tt 2 
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at once on the lens, two seta of rings will be 
seen, having their centres more or less distant, 
and their magnitudes more or less different, 
according to the difference of refrangibility of 
the two species of light employed." 

Topaz (a fluosilicate of alumina) belongs 1 
this system. As the inclination of its o 
axes is great (about 50°), we can see at c 
only one of its two systems of rings. It s 
with facility in planes perpendicular to its pris-^ 
matic ajcis, and equally inclined to its two optic 
axes. If we take a plate cut perpendicularly 
to the prismatic axis, and incline it first on 
one side and then on the other, we shall see 
successively two systems of oval rings, which 
have been very elaborately described by Sir 
D. Brewster. 

The plates of topaz sold in the opticians' 
shops, for polariscope purposes, have been ob- 
tained by cutting the crystal perpendicularly to 
one of the optic axes ; that is, at an angle of 
about 25° to the prismatic axis. With these 
we only see one system of nearly circular rings 
traversed by a bar or arm of the cross. We 
observe also, that the optic axes for different 
colours are somewhat separated ; for the red 
ends of the rings are inwards, or within the 
resultant axes, while the blue ends are out- 
wards. 
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The topazes which are cut for optical pur- 
poses come from Australia, aud are technically 
known as Nova Minas. They are colourless, 
and remarkably free from flaws aud macles. 

Exceptions. — lo this system, as in the others, 
we meet with exceptions to some of the state- 
ments above made. 

1. Macled crystals, especiaify of nitre and 
Arragonite, are very common. Occasionally 
idiocyclophanoua crystals of uitre are met with. 
These will be noticed subsequently. 

2. Sulphate of potash is a tesselated or com- 
posite crystal, and such will be described here- 
after. 

3. Some specimens of Brazilian topaz are 
tesselated. 

SYSTEM T. 

OBLIQUE PRISMATIC SrSTEM. 

Synonymes. — The two- and one-membered 
system, the hemiortholype systeni, the monokli- 
nohedrie system, or the hemihedric-rhomhic sys- 



Forms. — To tliis system belong the oblique 
octahedron with a rectangular base, the oblique 
rectangular prism, the oblique octahedron tvilh 
a rhombic base, and the oblique rhombic pri^m. 
Mr. Brooke's riyht oblique-angled prism is re- 
ferred to this system. 

« 3 
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Kose makes no distinction between the hoi 
hedral and hemihedral forma in this system; 
but enumerates the following as the forms of 
the system : 

1 . Forma whose faces are inclined to nil tlie three axes 
(Octohedra). 

2. Forms whose faces are inclined to two axes, sjid 
are parallel to the third axis (Prisms). 

3. Forms of wbich the faces are inclined towards one 
axil and parallel to the two others. 



Fig. 77. 




I 
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Obliqiie Sectangular Octahedron, and Oblique Itho 

Octokedron 
a, a, Principal or prismatic axis bh cc. Secondary axes. 

Crystals — To this system belong the crys- 
tals of sulphur, when obtained by slow cooling ; 
realgar (red sulphuret of arsenic), and red anti- 
mony (native Kermes). 

A considerable number of salts belong here 
also : aa the sulphates of soda, lime (selenite), 
and iron ; carbonate and sesquicarhonate (trona) 
of soda, bicarbonate of potash, chlorate of pot- 



L 
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ath, phosphate of soda, liorax (tincal), the ace- 
tates of soda, copper, zinc and lead, binacetate 
of copper y hinoxalate of potash, Glauherite (sul- 
phate of lime and soda,) and chromate of lead. 

To this system are also referred oblique pris- 
matic mica (one of the kinds of diaxial mica de- 
scribed by Count de Bournon), tartaric and 
oxalic acids, sugar candy, and the crystals from 
oil of cubebs. 

Properties. — The forms of this system have 
three axes, all of which are unequaL Two of 
them cut one another obliquely, and are per- 
pendicular to the third. From the forms of 
the preceding' system they are distinguished by 
this obliquity of two of their axes. As the 
three axes are unequal, it is indiiferent which 
we take for the principal aais; but one of the 
inclined axes is usually selected, because, in 
general, the crystals are extended in the direc- 
tion of one of these, so that in most cases the 
faces which are parallel to tliis axis greatly 
predominate. This axis, therefore, corresponds 
with that which Mr. Brooke calls the prismatic 
axis. The other two axes are called secondary 
axes, the one which is oblique being termed 
the first secondary axis; the other, which is 
perpendicular to it, being denominated the 
second secondary axis. 

The crystals of this system are doubly re- 
ft* 
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fracting with two optic axes. They are tri- 
unequiexpanding, and tri-unequiaxed. On the 
ellipsoidal hypothesis their atoms are assumed 
to be ellipsoids with three unequal axes. 

In the opticians' shops, plates, cut froni i 
veral crystals of this system, are sold for shonw-l 
ing, in the polariscope, the systems of lemnia>l 
cates. They are usually cut perpendicularly^ 
to one of the optic axes ; and, therefore, sh' 
but one system of rings traversed by a bar. 
these I shall notice three. 

Borax deserves especial notice, on accoiuilj 
of its optic axes for the different homogt 
colours lying in different planes, a fact for the 
knowledge of which we are indebted to Sir John 
Herschel. As in other biaxial crystals it will 
be observed that the rings, or lemniacates, are 
traversed by only one bar or arm of the cross. 
In the next place it will be perceived, that the 
axes for red light make a greater angle with 
each other than the axes for blue or purple ; 
hence, unlike nitre and carbonate of lead, the 
red ends of the rings are outwards, while thai 
blue ends are inwards. This fact, however, J 
only proves that the axes for different colours 
do not coincide : it does not show that they lie 
in different planes. But if, the tourmaline 
plates being crossed, the plate of borax be 
placed at such an azimuth that the bar or arm J 
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of the black cross distinctly traverses the centre 
of the system of lemniscates, and leaves an in- 
terval perfectly obscure, we shall then see that 
the arm of the cross is not straight, as in nitie 
[fig. 72.)j but has a hyperbolic form. The 
reason of this difference is obvious : in nitre all 
the axes lie in the straight line or plane, while 
in borax they are disposed obliquely, or in dif- 
ferent planes. 

Selenite is sometimes cut to show one of its 
two systems of rings. I have already described 
this crystal, and demonstrated the uniform tints 
produced by films of selenite of equal thickness. 
To show the rings the crystal must be cut at 
right angles to one of its optic axes. 

Sugar-candy makes an interesting polari- 
scope object. This crystal is also cut perpen- 
dicular to one of its optic axes, and, therefore, 
shows only one of its two systems of rings. 

Exceptions. — Owing to irregularities of crys- 
tallization, the rings of some of the crystals of 
this system are often seen more or less dis- 
torted. Macled selenite is very common, as I 
have before mentioned. Sir John Herschel 
states, that idiocy el ophonous crystals of bicar- 
bonate of potash are frequent. I shall hereafter 
notice them. 
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SYSTEM VL 

DOUBLY OBLIQUE PRISMATIC SYSTEM. 

Synonymei. — The one- and one-membered, 
the anorthotype, the trikUtiohedrie, or the tetar~ 
tohedric-rhombic system. 

Forma. — To this BjBtem belong the douhly 
oblique octohedron and the doubly oblique pritm. 
Hose makes no tlistiiiction of homohedral and 
hemihedral forms ; but arranges the forms of 
this system as follows : 

1 , Forms wbose faces we inclined to all the three axes. 
{Octohedra). 

2 , Forms whose faces are inclined to two axce, and are 
parallel to the third. {Prisms). 

3, Forms which haye their faces inclined towards one 
asis only. These forms are the faces of truncation of 
the three kin Js of angles of the octohedron. 

Fig. 78. 




a, The principal axis. J 
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Crystals. — The most important substances, 
whose crystalline forms are referable to this 
system, are boractc acid, sulphate of copper*, 
nitrate of bismuth, sulphate of cinchonia, qua' 
droxalate of potash, and gallic acid. 

Properties. — The forms beloDging to this 
system have three axes all unequal and oblique- 
angular to one another; they are doubly re- 
fracting, with two optic axes ; and they are tri 
unequi expanding. Consequently they have 
three unequal elasticities. 

Of the three axes just referred to, one is 
taken for the principal axis, the other two for 
the secondary axes; but, geometrically consi- 
dered, the selection is altogether arbitrary. 
The principal axis coincides with Mr, Brooke's 
prismatic axis. 

" The forms of this system," says Gr. Rose, 
"have not symmetrical faces. All the faces 
are unique, so that this system is the one which 

• Mr. Brooke (art. Mineralogif in the Encyclopmdia 
Metropolitana), biijs, that the primary form of sulphate 
of copper 19 an oblique rhombic prism, and Mr. R. 
Phillips (Translation of the PharToacopaia, p. 237., 4th 
edit., 1841) baa adopted Mr. Brooke's statement. If 
this be correct, sulphate of copper of course belongs to 
the oblique prismatic syetem, and not to the doubly ob- 
liquepriamatio system. I haTe, however, referred it to 
the latter ejetem, on the authority of Gustav Rose, and 
most of the other eminent German cry stall ographers. 
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differs the most from the regular or cut4 
system, in which we fiad the greatest syBB 
metry, on account of the equality and per[ 
dicularity of the axes." It is sometimea t 
ceedingly diiEcult to distinguish the forms I 
this system. " The doubly oblique pr!smj| 
observes Mr. Brooke, " will be found the moi 
difficult of all the primary forma to determ 
from its secondary crystals. It is distingi 
able from all other forms, when its crystals a 
single, by the absence of symmetrical planes 
analogous to those of other prisms ; but it very 
frequently occurs in hemitrope or twin crystals, 
which must resemble some of the forms of the 
oblique rhombic prism, and can then be dis- 
tinguished only by some re-entering angle or 
other character on the surface of the crystal." 

Sulphate of copper (Cu O. S Og. 5 Aq.) ia 
sometimes cut to show the two sets of rings or 
lemniscates of this system ; but the blue colour 
of the crj'stal destroys their brilliancy. 



M&CLE8 AND COMPOUND CRYSTALS, 

I have now arrived at the last part of my 
subject, viz., the consideration of the optical 
properties of those remarkable crystalline struc- 
tures commonly known by the name of macles, 
a term introduced into mineralogy by Rom4 
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de Lisle. Sometimes these structures appear 
to consist of one crystal, whose parts are trans- 
posed) dislocated, oc displaced. When one- 
half of the crystal appears to have heen turned 
partly round on an imaginary axis, passing 
through the centre of the crystal, and perpen- 
dicularly to the plane of section, and to have 
been united to the other half in this position, 
the body thus produced has been called the 
hemitrope (from ^fit half and Tpivai I turn). 
Of this arrow-headed selenite is a familiar 
example. Sometimes two or more crystals are 
found intersecting each other, and are then 
called intersecting crystals. When two crys- 
tals are joined, they form the structure called 
a twin or double crystal. 

Many or most of the forms I have now re- 
ferred to are irregular, and might appear to be 
accidental. But there are some others which 
have great regularity, and cannot he ascribed 
to accident. Such are some specimens of apo- 
phyllite andsulphateof potash. They constitute 
what Dr. Brewster has termed tesselated or 
composite crystals; the real structure of many 
of which is only discoverable by the aid of po- 
larized light; they consist of several crystals, 
or portions of crystals, juxtaposed, or united 
so as to form a compound crystal, the figure 
of which is very different from that of the cryi 
tals composing it. 




i 
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Macled crystals of niire or Arragoniti 
very common, and frequently their precise 
Btnicture is undiscoverable by the naked eye. 

In quartz we often find right and left-handed 
cryBtais intersecting eacli other. 

Amethyst (by many mineralogists considered 
to be a variety of quartz) is a remarkable 
example of a combination of right and left- 
handed varieties of quartz. If a plate of 
amethyst, cut perpendicularly to the principal 
axis of the crystal, be examined by the pola- 
riscope, it presents a striped or fringed appear- 

r^. 79. 




Section of the Pyramid and Part of the Priam of Amell 



ance, variegated with the most gorgeous and 
brilliant tints. This is owing to its being com- 
posed of alternate minute strata of right and 
left-lianded quartz, whose planes of polariza- 
tion are parallel to the principal axis of the 
prism. 

Topaz sometimes presents a remarkably 
composite structure. It belongs to the right 
rhombic system, and presents, when regularly 
formed, two systems of rings. Cut at right 
angles to the axis it often presents a central 
rhomb, " surrounded by a border in which the 
optic meridians of the alternate sides are in- 
clined at a quarter of a right angle to that of 
the central compartment, and half of a right 
angle to each other. In consequence, when 
such a rhombic plate is held with its long dia- 

Fig. 80. 




gonal in the plane of primitive polarization, 
two opposite sides of the border appear bright, 
the other two black, and the central compart- 
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meat of intermediate brightness. Such spec 
mens often present the phenomena of dichroism 
in the central compartment, while the border 
is colourless in all positions."* 

Sulphate of potash is composed of six crys- 
tals belonging to the right prismatic system, 
joined so as to form a single or double 
sided pyramid, and simulating the crystals a 
Fig. 81. 




the rhombohedric system. When, therefore, 
we put a slice of it, cut at right angles, to the 
axis of the pyramid, in the polariscope, we 
observe not a circular cross of rings, but a I 
tesselated structure. ■ 

One variety of apophyllite, called tessellit«^ 
presents a remarkable structure of the sam^ 
kind J but its phenomena are still more extras- 
ordinary. Apophyllite is composed principally^ 

* Hereehel, Encyc. Metrop. 
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of silicate of lime, with a. little silicate of potash. 

It crystallizes in right square prisms. Plates 

Fig. 82. cut transversely to the axis, 

~ and examined by polarized 

light, appear to consist of nine 

crystals contained within a 

number of parallel veins or 

plates. The central crystal 

, has only one axis of no double 

Tegselite or Tesje- refraction, the others two. 

lated Apoph'jim. (See p. 199.). 

Analcime or Cubizite is another remarkable 

crystal. It consists principally of silicate of 

alumina with silicate of soda. It crystallizes 

Fig. 84. 



Fig. 83. 



in the form of the cube, or some form allied to 
this, as the icosa tetrahedron. Instead of being 
without double refraction, as cubical crystals 
usually are, it presents a number of planes of 
no double refraction. It is, therefore, a com- 
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pound crystal^ that is, is composed of a number 

of crystalline parts disposed symmetrically. 
(Seep. 194.) 

And here also may be noticed what has been 
called interrupted Iceland spar. Some speci- 
mens of Iceland spar give four or even more 
images, which sometimes exhibit complementary 
tints. They owe this property to the presence 
of one or more intersecting or interrupting 
films or strata of the same substance, placed 
perpendicularly to the short diagonal of the 
faces of the crystal. This film acts like the 
depolarizing plate in the polariscope, while the 
two portions of the crystal between which it 
is placed, act, the one as the polarizer, the 
other as the analyzer of the polariscope. Crys- 
tals like these, which thus exhibit their colours 
and rings per se, that is, without the polari- 
scope, have been called by Sir John Herschel 
idiocy clophanous (from Ihos proper^ xJxAoj a 

Fig. 85. 




O colour. 

E' complementary. 

£ complementary. 
O ' colour. 



Idiocychphanous Crystal of Cede Spar, 
circle^ and (falva) I appear)* Similar pheno- 
mena are sometimes exhibited by crystals of 
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nitre, and still more frequently by bicarbonate 
of potash. Suppose the crystal to be made 
up of three pieces, or polarizer, depolarizer, 



Fig. 86. 



Polarizer 



Analyzer 




and analyzer, the modifications of the ray may 
be represented by this diagram. These inter- 
fere in two, and produce four figures ; two of 
one colour, and the other two of one colour, 
but complementary to the first two. 

COLOURED POLARIZATION IN ELLIPTIC AND 
CIRCULARLY POLARIZED LIGHT. 

Thus far we have spoken only of the colours 
developed in crystals by plane polarized light. 
It will be necessary now to advert to the 
corresponding phenomena when the light is 
circularly or elliptically polarized, in which 
case the systems of rings undergo some remark- 
able modifications. 

If a ray of circularly polarized light be 
transmitted through a thin film of a doubly 

B 2 



244 ON THE POLARIZATION OF LIGHT. 

refracting crystal, and tlie emergent ligbt \ 
analyzed by a doubly refracting prism, two rays 
of complementary colours are produced. 

In this character, circularly polarized liglit 
is decidedly different to common or unpola- 
rized ligbt, which when submitted to the same 
examination presents no colour. Recti linearly 
polarized light, however, agrees with the cir- 
cular light in producing complementary tints; 
but they are not the same in the two cases ; 
those produced by circular light differing from 
those of rectilinear light by an exact quarter 
of a tint, either in excess or defect, as the case 
may be. 

To illustrate these facts, place a film of sele- 
nite, of uniform thickness, in the polariscope, 
and observe the tint which it yields by recti- 
linearly polarized light. Then interpose, be- 
tween the polarizing plate and the selenite 
film, a circularly polarizing apparatus (as Airy's 
mica plate, or Fresnel's rhomb), and the tint 
seen by the analyzer immediately changes. 

If a plate of calcareous spar, cut to show 
the circular rings and cross by rectilinearly po- 
larized light, be placed in the polariscope, and 
circularly polarized light be used, we observe 
a system of rings and a cross {fg. 87.), but 
which are very different to those seen by recti- 
linearly polarized light. 
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Tlie rings are divided into quadrants by the 
cross, every other quadrant being similar, while 
the adjacent ones are dissimilar. The rings 
appear to be abruptly and absolutely dislocated. 
Fig. 87. those in the two alternate 
quadrants being pushed out- 
, wards or from the centre, by 
A ^ of an order, and those of the 
/intermediate quadrants being 
t were pulled inwards by \ 
of an order. Instead of a 
Sings and Cross o/b!ack cross, we have a luminous 
S'^c,vS^p!2-°n^. ^li^_ intensity of its light 
rized lighi. being uniform, and about equal 
to the mean intensity. If the plane of inci- 
dence pass through 135° and 315°, the pheno- 
mena of adjacent quadrants are exactly inter- 
changed. But the most important difference 
produced by circularly polarized light, is, that 
no alteration is made by turning the analyzing 
plate round the incident ray. 

If a plate of a biaxial crystal, as of nitre, be 
examined by circularly polarized light, we ob- 
serve the double system of rings, but the black 
cross disappears. Every alternate semicircle 
of rings presents the appearance of dislocation. 
The origin of the tints produced by circu- 
larly polarized light have been so clearly and 
concisely explained by Sir John Herscbel, that 
I cannot do better than use his words : 
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" Wben," says this eminent philosophei 
" a ray propagated by circular vibrations f 
incident on a crystallized lamina, it may 1 
regarded as composed of two; one polarizei 
in the plane of the principal section, the oth< 
at right angles to it, of equal intensity, aoj 
differing in phase by a quartet undulatiM 
Each of these will he transmitted unalterectg 
and, tiierefore, at their emergence, and subi 
sequent analysis, will comport themselves, i 
respect of their interferences, just as would d 
the two portions of a ray primitively polarize^ 
in azimuth 45°, and divided into two by thai 
double refraction of the lamina ; provided that 
a quarter undulation he added to the phase of 
one of these latter rays. Now, such rays will 
produce, by the interference of their doubly 
refracted positions, the ordinary and extra- 
ordinary tints due to the interval of retardation 
within the crystallized lamina. Hence, in the 
present case, the tints produced will be those 
due to that interval, plus or minus the quarter 
of an undulation added to, or suhstracted irom, 
the phase of one of the portions; and, conse- 
quently, will differ one-fourth of a tint in order 
from that which would arise from the use of a 
beam of ordinary polarized light, incident in 
azimuth iS" in the lamina." 

In certain media circularly-polarized light 
gives rise to very peculiar effects. If a ray 



of circularly-polarized Uglit be transmitted 
through a column of syrwp or oil of turpentine, 
lemon. Sec, and then analysed, either by a 
Nichol's prism, or a doubly -refracting prism, 
no colour is produced ; for the circular wave is 
propagated along the liquid without suffering 
subdivision, and, therefore, at its emergence 
no colour can be produced by the analyzer. 

In this character circularly-polarized light 
agrees with common or unpolarized light, but 
differs from plane polarized light. 

" Circularly-polarized light," says Fresnel, 
" differs from polarized light in not sensibly 
developing colours in plates of quartz perpen- 
dicular to the axis." According to the wave 
hypothesis this ought to be the case ; for " a 
ray propagated by circular vibrations, when 
incident on rock crystal in the direction of the 
axis, will (by hypothesis) be propagated along 
it by that elasticity which is due to the direc- 
tion of its rotation, the wave then will enter 
the crystal without further subdivision, and 
there will be no difference of paths or inter- 
fering rays at its emergence; and, of course, 
no colours produced on analyzing by double 
refraction." 

I confess, however, I have not been able 
precisely to verify this statement, though, I 
doubt not, my failure has arisen from some 
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defect : 



the 1 



I produc 



f apparatus 
cular polarization. I have always found a very 
feeble tint of colour in the axis. As Mr. 
Airy has very accurately described the pheno- 
mena which I myself have repeatedly seen, I 
prefer quoting his words': 

" If circularly-polarized light pass through 
the quartZj on applying the analyzing plate, in- 
stead of rings, there are seen two spirals mutu- 
ally enwrapping each other (as in^^r. 88.). If 
Fig.SS. the [Fresnel's] rhomb be 

placed in position 135°, 
the figure is turned 
through a quadrant. If 
the quartz be left hand- 
edf , the spirals are turned 
in the opposite direction. 
The central tint appears 
to be white. With the 
rhomb which I have com- 
monly used (which is of 
plate glass, but with the angles given by Tres- 
nel for crown-glass), there is at the centre an 
extremely dilute tint of pink : I think it likely 
that this arises from the error in the angles, as 
the intensity of the colour bears no proportion 
to that in other parts of the spiral." 
• Cambridge TnmsocHons, 1831. p. 8. 
f Thia distinction will be fully explained i 
quent Lecture. 




Spirals of Quartz, 
produced bg cirmdarly- 
polarized li) 
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If a plate of right-handed quartz be super- 
posed on a plate of left-handed quartz of equal 
thickness, and examined by circularly-polarized 
light, the left-handed slice being nearer to the 
polarizing plate, we observe by means of the 
analyzer four spirals (proceeding from a black 
cross in the centre), which cut a series of circles 
at every quadrant. At some distance from 
the centre the black brushes are seen. If the 
right-handed slice be nearerthe polarizing plate, 
the spirals are turned in the opposite directions.- 
[The colouredringsincaic spar produced in el- 
Fig. 89. liptically polarized light pre- 

sent some singular modifica- 
' tioDsofform. When the ellip- 
\ ticity approaches near to being 
1 circular, their general form 
F approaches that represented 
before (In Jig, 87.) ; when the 
cllipticity is more eccentric, 
the rings assume a more peculiar but still dislo- 
cated appearance ; which is in general repre- 
Bented in the figure (89.). 

These modifications are all represented by the 
forms assumed by the analytical expressions 
derived from the undulatory theory ; both for cir- 
cularly • and elliptically f polarized light, 
• Airy'fl Tract, art. 160. 

■ " ■ ■ n Quartz, Stc. Camh. Tram,, 1B31. 

See iHaoPhil. Tratu., 1843. pt. i. p. 42. 
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One peculiar appearance presented when' the J 
analyzer is at half right-angles to the plane o 
incidence, ia that of a disloTtion of the £ 
of the quadrantsj as well as dislocation. Thi 
was lirst deduced from the same formulas b 
Prof. Powell." 

In the same paper there ia described e 
figured the most convenient form of appara^ 
tus for experiments in elliptic polarization bj^ 
reflexion from metals, &c. 

In all elementary works it has been usual 
to draw the distinction that plane polarized 
light reflected from metallic surfaces, and from 
these only, becomes elliptically polarized. 

The experiments of Sir D. Brewster require 
this to be extended to the case oi metallic ores. 
It has also been extended to Jiltas of oxide, 
&c., on the surfaces of metals, in which (as in 
Nobili's films, &c.) the degree of ellipticity 
goes through some singular changes, whjcli are 
detailed in the paper by Prof. Powell before 
referred to.-|- 

In that paper (p. 38,), it was also announced 
(as is believed for the first time), that elliptic 
polarization was procured by reflection from a 
surface not decidedly metallic ; or, at least, 
containing the most minute proportion of 

• Phil Tratw. 1843, pt. ii. p. 272. 
t Phil. Tram. 1843, pt. i. 
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metal, viz., Plumbago; and still more renmrli- 
abiy in a substance containing no metal what- 
ever, viz., Indian ink; both, liowevePj consisting 
of carbon* 

This idea was followed out to a much more 
remarkable extent in the experiments of Mr. 
J. A. Dale, M. A., of Ealliol College, Oxford, to 
which due justice has not been done, and of 
which there exists no better account than a 
brief abstract in the Proceedings of the British 
Association.f 

Mr. Dale has there shown, that chromate of 
lead, litharge, indigo, realgar, diamond, sul- 
phuret of zinc, glass of antimony, sulphur, 
lungstate of lime, carbonate of lead, hyacinth, 
arsenious acid, as well as a few other minerals 
in a less degree, all possess the property of 
giving ellipticalhj polarized light by reflexion ; 
and he has connected these facts with the con- 
dition that ali these are substances of very high 
refractive power, and has thus connected them 
directly with the case of metaU, in which that 
power is extremely high : or has established 
the general and importaiit law, that elliptic 
polarization by reflexion is in all cases occa^ 
stoned simply by the high refractive power of 
the substance, and in some determinate ratio to 
its amount.'] 

* Brit. Aesoc. 1846, Sec. Froc. p. 4. 
+ Report, 1846, Sec. Roc. p. 6. 
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LECTURE IV. 

ON ROTATORY POLARIZATION. 

This curious branch of the subject originated 
in the observation of a peculiar modification 
which polarized light undergoes in passing 
through quartz (some of whose peculiar pro- 
perties have been already referred to), first 
made by M. Arago, the distinctive characters 
and properties of which it will now be our object 
to explain. 

[It should first be observed that this property 
has been sometimes called ** circular polariza- 
tion ; " but there is some confusion involved in 
this designation, the same term having been 
used in a different sense, as we have before 
explained. The term " rotatory " polarization 
has been used by others, and is clearly pre- 
ferable, as, while it avoids the ambiguity, it in 
fact more clearly describes the phenomenon. 

In the present instance the property of 
rotatory polarization may be best conceived in 
theory by supposing a ray plane polarized, but 
in which, at successive distances along its di- 
rection, the plane of polarization deviates from 
its original direction and is twisted round in 
the form of a screw or helix. Here the entire 
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form of the ray in se?isible lengths resembles 
that of the wave in infiniteaimal distances in 
circularly'^oi&rizeA light ; but the whole case 
is essentially distinct, and must be carefully 
kept so in the apprehension of the student. 
The directions of the successive planes of po- 
larization may be familiarly represented by the 
edges of the steps in a corkscrew staircase. 
Here tbe vibrations are plane, but the plane of 
the wave becomes a twisted sailacei in circular 
polarization the vibrations themselves are cir- 
cular, and there is no plane of polarization.] 

Among the varieties of quartz there are 
found to be two classes in which this property 
ia differently characterised, distinguished by its 
manifesting itself in opposite directions, and 
called dextro-gyrate, or rigbt-lianded, and lievo- 
gyrate or left-handed. Unfortunately, writers 
are not agreed in the application of these 
terms, whence much ambiguity has arisen : 
what Biot terms left-handed is named by Her- 
achel right-handed rotation, and vice versa. 
There is, however, no difference in the facts, 
but only in the designation. If, on turning 
the analyser from left to right, the colours 
descend in the order of Newton's scale — that 
is, succeed each other in the order of the 
colours of their plates, reckoning from the cen- 
tral black as the highest point — Eiot desig- 
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nates the polarization as right-lianded, □ 
or/ ; whereas, if they descend In the scale 
turning the analyser /rom right io left, he teil| 
it left-handed, or — , or •+. 

Sir J. Herschel, on the other band, i 
the observer to look in the direction of t 
ray's motion. " Let the reader," be obsen 
" take a common corkscrew, and, holding 
with the head towards him, let him use it in t 
usual manner as if to penetrate a cork, 
head will then turn the same way with the 
plane of polarization as a ray in its progress 
from the spectator through a right-handed 
crystal may be conceived to do. If the thread 
of the corkscrew were reversed, or what is 
termed a left-handed thread, then the motion 
of the head, as the instrument advanced, would 
represent that of the plane of polarization in a 
left-handed specimen of rock crystal." 

I shall adopt Biot's nomenclature, and de- 
signate the polarization right-handed or left- 
handed, according as we have to turn the ana- 
lyzing prism to the right or to the left to obtain 
the colours in the descending order. 

The term quartz, the etymological origin of 
which is not clearly made out, is applied to 
some of the crystalline forms of silica. The 
transparent variety, called roch 
crystal, is the kind used for optical purposes. 
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Very perfect transparent crystals are found 
near Bristol and in Cornwall, and are called 
Bristol or Cornish diamonds. The opticians 
cut some of the most limpid and large crystals, 
which usually come from the Brazils, for 
making lenses for spectacles and eye-glasses, 
and which they denominate pebbles. 

Figs, 90 and 91. 
Ordinary Crystals of Quartz, 




w 




Different Modes of slitting Qaartzfor Optical Purposes : 
a a, Flates transverse to the prismatic axis, for show- 
ing (in the polariscope) the system of circular rings 

(fg- 92.). 

b by Plates cut obliquely to the axis, for showing the 
strdght bands. 

c c, Wedges for making WoIlaston*s quartz doubly 
refracting prisms. 

Quartz belongs to the rhombohedric system. 
Its most common form is the six-sided prism, 
terminated by six-sided pyramids {fig, 90.). Its 
fracture is conchoidal. 

Now, as quartz belongs to the same system 
of crystals to which Iceland spar belongs, it 
might be expected that when we place a plate 
of it, cut perpendicularly to its principal or 
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prismatic axis {Jig. 91. a, a), inthepolariscopi 
we should observe the cross and a system ( 
circular riugSj an in the case of Iceland s 
and other crystals of the rhombohedric system 
But this is not the case. "We do, indeed, ol|3 
a system of rings, but the centre of ) 
cross is wanting {Jig. 92.1 
Instead of the cross withw 
. the inner ring we observe | 

[liform tint, the colour < 
I which changes when the aoaH 
lyzeris revolved; and, in su» 
cession, a series of colours i 
brought into view. But the order of auo^ 
cession (supposing the direction or revolulioi 
of the analyzer to remain the same) varies i 
different crystals. Thus, suppose we turn t 
analyzer right-handed, that ia, as we screw u^ 
the colours succeed each other, with a certu^ 
thickness of the crystal, in this order, — rest 
orange, yellow, green, -purple, red again, and » 
on, in the ascending order of Newton's scale, on 
the colours of thin plates, before given.* 
other specimens this order mil be reverses 
So that, to obtain the same order of successioaj 
the analyzer must be turned in the one cai 
right-handed, or as we screw up, in the otha^ 
lel't-handed, or as we unscrew. This will ba| 
* See p. 41. 



rendered more obvious by the following dia- 
giams: 

Fig. 93. Fig. 94. 

Right-handed. Left-handed. 




In each of these diagrams the arrow shows 
the direction in wluch the analyzer is to be 
rotated, in order to obtain the spectral tints in 
the ascending order of tints, which in this in- 
tance belong to the third order of Newton's 
scale. 

Hence those specimens of quartz which pre- 
sent the colours in the descending order by a 
right-handed rotation of the analyzer, are de- 
nominated dextrogyrate, or right-handed quartz ; 
while those which present them by a left- 
handed rotation are called Icevogyraie, or left- 
handed quartz. 

Between these two varieties there has been 
discovered by Sir John Herschel another differ- 
ence. In that form of quartz termed by 
Hauy plagiedral (from irXdyws oblique, and 
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SSpa a bate), it has been found that when the 
Fig. 95. unsymmetrical or plagiedral faces 
*^ Q?^. 95. x) lean to the right, the po- 
/2_^ larizatioQ is right-handed, and, vice 
j If versd, when they lean to the left the 
I J I polarization is left-handed. So that 
^^^ the cause, whatever it may be, which 
determines the optical phenomena, is 
Plagiedral ^jg^ connected with the production 
' of the plagiedral faces. 
If, instead of using white light in our ex- 
periment, we employ homogenous light, we 
find the plane of polarization of the incident 
rays is turned or made to rotate either to the 
right or left, according as the quartz plate is 
either right-handed or left-handed. This ro- 
tation of the plane of polarization of the in- 
cident ray is proportional to the thickness of 
the plate. The colours produced by thin plates 
are broader and less numerous than those pro- 
duced by thick plates. If two plates be super- 
posed, the effect is very nearly the same as 
that produced by a single plate whose thickness 
is either the sum or the difference of the thick- 
nesses of the two plates, according as they are 
of the same kind (that is, both either right- 
handed or left-handed), or of opposite kinds 
(that is, one right-handed, the other left- 
handed). Thus, if the rotation of the red ra 
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effected by a plate of quartz of ^V^^ ^^ ^^ ^^^^ 
thick be equal to 17|°, that produced by two 
superposed plates of equal thickness, taken 
from the same crystal, will be 2x17^° =35°. 
On the other hand, if we combine a plate of 
right-handed quartz of ^^jth of an inch thick 
with a plate of left-handed quartz of ^ths of 
an inch thick, the same effects are produced as 
if we had employed a left-handed plate of /jths 
of an inch thick. When the thicknesses of the 
two dissimilar plates are equal, *• the plates, 
of course, destroy each other's effects, and the 
system of rings with the black cross will be dis- 
tinctly seen." {Brewster,) 

The rotation of the plane of polarization in- 
creases with the refrangibility of the rays. 
Thus it is greater with violet than with blue, 
with blue than yellow, and with yellow than 
red. 

Homogeneous Ray, Arc of Rotation, 

Extreme Red 17° 29' 47'' 

Limit of Red and Orange 20° 28' 47" 

" Orange and Yellow 22° 18' 49" 

" Yellow and Green 25° 40' 31" 

" Green and Blue 30° 2' 45" 

" Blue and Indigo 34° 34' 18" 

" Indigo and Violet 37° 51' 58" 

" Extreme Violet 44° 4' 58" 

I come now to the explanation which the 

wave hypothesis offers of these phenomena. 

When the light, rectilinearly polarized by 

s2 
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the first tourmaline plate, is incident on tke 

quartz piate, it suffers double refraction. To 
prove this, Fresnel contrived a combination of 
a right-handed prism, and two halves of a left- 
handed one, by which he doubled the separa- 
tion of the two rays, and in this way managed 
to demonstrate the actual existence of double 
refraction in the principal or prismatic axis of 
quartz. Tiiis is a most remarkable fact. In 
the principal or prismatic axis of every other 
known crystal of the rhomhohedric system, 
double refraction does not exist. 

But the two rays thus obtained differ in 
their properties from those produced by Ice- 
land spar and other doubly refracting crystals; 
for while the latter are rectiiinearly polarized, 
those of quartz are circularly polarized. Now 
every circularly- polarized ray is equal to two 
rectiUnearly polarized waves, differing in their 
progress an odd number of ^ undulations. It 
follows, therefore, that the two circularly po- 
larized waves are equal to four rectiiinearly 
polarized waves. Hence, then, to explain the 
phenomena, we must assume that the recti- 
iinearly polarized ray (which I shall call R) 
I iocident on the quartz, is resolved into two 
ers (A and B) of equal intensity, the one 
) polarized in a plane 45" inclined to th 
right, the other (B) 4^" inclined to the left o 
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the plane of polarization of the primitive ray 
(R). Let U3 further conceive that each of the 
two rays (A and B) is resolved into two other 
rays, namely, A into Aa and Ab, and B into 
Ba and B6. Aa and Ab are polarized in one 
plane, viz., + 45", while Bo and Bft are pola- 
rized in another plane, viz.,— 4^°. Ao and Bo 
have each their phases advanced, or + | un- 
dulation, while Ab and B6 have each their 
phases retarded, or — ^ undulation." Now, if 
we suppose these four rays to be combined 
two and two in a cross order, we shall have 
resulting two circularly polarized rays, one 
right-handed, the other left-handed. Thus Ao 
and Bi combine to form a left-handed ray, 
while A6 and Ba form a right-handed one ; for 
when the advanced system of waves has its 
plane of polarization to the right of that of 
the retarded system, the ethereal molecules 

■ "It resulta from the laws of interference," sayi 
Fresnel, " that a Bystem of waves, polarized rectilinearly, 
may be replaoed by two otliers, polarized at right angles 
to each otlier, and coinciding in their route ; and diat 
for each of these we may substitute two other aystema of 
wavea having the same plane of polarization, but the one 
advariced, tiie other retarded Jth of an undulation ; and 
thus separated jth of an undulation. In tiiia way are 
obtmned four syateina of waves of equal intensity, of 
which two, polarized at right angles to each other, ore 
^th of an undulation behind the two others polarized in 
the same planes." 
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rotate from right to left; whereas they. rotate 
from left to right when the first plane is to the 
left of the second. 

These two circularly polarized rays are pro- 
pagated along the axis of quartz with unequal 
velocities. In right-handed quartz the right- 
handed ray is transmitted with greater velocity, 
in left-handed quartz with lesser velocity than 
the left-handed ray; and thus at their emer- 
gence one is in advance of the other. If the 
surface of egress or ingress be ohliqve to the 
axis, the two circularly polarized rays will 
emerge in different directions; but if it be 
perpendicular (as in the experiment under ex- 
amination) they will emerge superposed, and 
will compound a single ray polarized in a 
single plane. Now this plane is removed from 
the plane of primitive polarization by an angle 
proportional to the interval of retardation 
(therefore, proportional to the thickness of the 
crystal) and to the rofrangibility of the ray. 

Thus, then, the dilferently coloured rays 
emerge from the quartz plate polarized in dif- 
ferent planes ; hence, by rotating the analyzer, 
they are successively transmitted and brought 
into view. 

The following diagram may, perhaps, serve 
to render more intelligible the explanations of 
the action of a plate of quartz, of one milli- 
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metre (0-03937 of an English inch) in thick- 
ness, on the incident rectilinearly polarized red 
light. 



-45° \Ab+45°—i 






{Ba—W+i -^ 



i'^y. 



A succession of quartz prisms does not give 
a further multiplication of images — a circum- 
stance which distinguishes the double refrac- 
tion of quartz from that of Iceland spar and 
other crystals. 

The above explanation is applicable only 
when the direction of the rays coincides with 
the principal axis of the crystal. When it is 
inclined to this axis, Mr. Airy has shown that 
the two resulting rays are eUiptically polarized, 
the eUiptical vibrations in the two rays being 
in opposite directions (that is, one right-handed, 
the other left-handed), and the greater axis of 
the ellipse is for the extraordinary ray in the 
principal plane of the crystal, and for the or- 
dinary ray in a plane perpendicular to the 
principal one. The ratio of the axes in these 
ellipses varies with the inclination of the ray 
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to the principal axis of the crystaL When the 
directiou of the ray coincides with this axis, thi 
ratio is one of equality, and the ellipses become 
circles. But when the ray is inclined to the 
axis, the ratio increases indefinitely with the 
inclination, " It is also necessary to suppose 
that the axis of revolution of the spheroid (pro- 
late for quartz), in which the extraordinary ray 
is supposed to diverge, is less than the radius 
of the sphere into which the ordinary wave 
diverges." 

Hitherto we have had no satisfactory theory 
of the cause of the unequal velocities with 
which the two rays are transuiitted along the 
principal axis of quartz. We conceive that it 
must depend either on some peculiarity in the 
molecules themselves, or in their mode of ar- 
rangement. " The crystal," says Fresnel, 
" cannot he constituted from right to left as it 
is from left to right, either in virtue of the 
arrangement of its particles, or of their indi- 
vidual constitution." If it be a molecular 
property, it must be acquired in the act of 
crystallization, by the mutual action of the 
molecules on each other, for other forms of 
silica, as weU as melted quartz, are devoid of 
it. An helicoidal arrangement (right or left- 
handed, as the case may be) of the molecules 
furnishes a physical explanation of the fact 
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above referred to. It has been objected to 
this hypothesis, that it is not applicable to the 
case of rotatory polarizing liquids. But as the 
rotatory polarization of quartz is dependent 
on direction, while that of liquids is inde- 
pendent of it, it is tolerably clear that the 
cause must be different in the two cases. In 
the first, it may depend on the arrangement of 
the molecules ; in the second, on some pecu- 
liarityin the molecules themselves. 

If two plates of quartz, cut obliquely to the 
principal axis of the crystal {Jig. 91. bb, 66), 
be superposed crosswise and examined in the 
polariscope, they present a series of parallel 
coloured bands or stripes, with a central black 
or white stripe, "When the tourmaline plates 
are crossed, the central stripe is black ; when 
they coincide, it is white. The lateral coloured 
stripes seen in the one case are complementary 
to those seen in the other. 

Amethyst is a mixture of right and left- 
handed quartz, and will be hereafter noticed 
among tesselated crystals. 

Rotatory Polarization by Fluids* — Some 

• For the discovery of the rotatory polarizing of fluids 
xee Biot, Ann. CUia. Phys. 74. 429, 430. ; also Biot, 
Pkya. Exp., t. iv. 342. 

(I'ormed s, solution ivhich in a 
tube of 500 millimetres long 
hail a rotation of 22°. (Burck- 
bardt and Uuibert). 
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liquids possess this remarkable property. The 
following are the most important : — 

Volatile oils (those of mustard and bitter 
almonds excepted). 

Naphtha. 

Aqueous solutions of several kinds of sugar, 
dextrine, tartaric acid, and tartrates (tartrate 
of alumina excepted). 

Diabetic urine. 

Albuminous urine. 

Alcoholic solutions of camphor and artificial 
camphor. 

Most vegetable juices. 

Biot found that vaporization did not destroy 
the rotatory polarization of oil of turpentine. 

The following liquids have been found devoid 
of this property : — 

TFater. 

Alcohol. 

Pyroxilic spirit, 

Pyroacetic spirit. 

Olive oil. 

Volatile oil of mustard. 
J, „ bitter almonds. 

Claret (perhaps a trace of 




Champagne. 

Citric acid (dissolved in water). 

Mannite (ditto). 
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Liquorice sugar (dissolved in water), 

Glgcri,. 

The apparatus necessary for observing this 
property of fluids consists essentially of three 
parts; viz., a polarizer, a tube to contain the 
fluid, and an analyzer. 

The polarizer is an unsilvered glass mirror, 
a bundle of parallel glass plates, or a Nichol's 
prism. Biot uses the first, while Ventzke em- 
ploys the last. A plate of glass, blackened at 
the posterior surface, answers very weU. Some- 
times a second mirror (of silvered glass) is Used 
to throw the light on the polarizing plate. 

The tube, to hold tiie liquid, should be from 
six to twenty-four inches long. It is to be 
filled with the fluid under examination, and 
to he closed at each end hy a flat glass plate. 
In Biot's very accurate and elaborate apparatus, 
he also has two or three perforated diaphragms 
of sheet silver or platinum, placed at intervals 
in the tube, to exclude the light reflected from 
the sides of the tube, but to adiiiit those rays 
which traverse the axis of tlie tube. 

The analyzer should be either an achromatic, 
doubly refracting prism, or a Nichol's prism. 
Biot uses a doubly refracting prism of calc spar, 
made of a rhombohedron of this substance, 
rendered achromatic by replacing a portion of 
the crystal by a glass prism. Achromatic quartz 
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prisms are objectionable, since they are neve 
BO accurately prepared as to yield two image 
only, but always four ; of wbich two, howevei 
are very faint. Ventzke uses a Nicliol's prisi 
as the analyzer. 

[The apparatus of M. Biot is of the mo! 
complete and expensive description, and i 
probably indispensable for the performance c 
very accurate experiments and delicate re 
searches. But for the more ordinary purpose 
of the student. Prof. Powell devised a fa 
simpler form of the apparatus, which can bi 
readily constructed. It consists essentially o 
the following parts : — 

A small silvered mirror (s) throws the ligh 
up through a Nichol prism (p) as the polarizez 
whence it passes through a hole in a frame 
on which rests the bottom of an ordinary tea 
tube (i) placed vertically and filled with tin 
liquid under examination. The emergent ligh 
can give no distinct image (which is obtainet 
and is essential in Biot's method), but it passe 
through a small hole (A) in the upper part o 
the frame, on which rests a tube (capable o 
turning about its axis and furnished witi i 
graduated rim for measuring the rotation), ant 
containing the analyzer {a), a rhomb of Icelatu 
spar in its natural state (/■), of sufficient thick 
ness to give two images of the hole {h) withou 
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overlapping: these images are then magnified ^^| 


by an eyelens {/), and thus their changes of ^H 


colour are made sufficiently conspicuous, how- ^H 


ever irregularly the light may be refracted in ^H 


the tube, provided it be bright enough. ^^H 


Pig.m. The frame, &c., must be ^H 


^L or lowering the analyzer ac- ^^M 


lUiJ cording to the length of tube ^^H 


"" ^ " employed: the tube should ^^M 


^■"•ij ^°~" also be enclosed in an opaque ^^M 


S case, to keep out extraneous ^^M 


ught. H 


J It is also very convenient ^H 


B ' (if not necessary) to be able ^^H 


^ to compare two different tubes ^^M 


S without disturbing the rest of ^^H 


S the arrangement. Hence, the ^^H 


^1^ part of the frame carrying ^^| 


% 


7 the tube is so contrived as to ^^H 
(J carry two tubes side by aide ^^| 




/ and to turn on a pivot, so ^^| 


i y'/ ' tliat either can be brought ^^1 

£ under the analyzer in imme- ^^| 

diate succession. ^H 


For a full description the reader is referred ^H 


to a paper in the Phil. Mag. April, 1843.] ^H 


The amount of rotation which a ray of light ^^| 


suffers during its passLige through the liquid is ^^H 


*^^^^^^^^^^^^^^^l 
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measured by an index attached to the analyzer, 
and moving on a graduated circular metallic 
plate. Before the tube containing the liquid 
is introduced, we must fix the zero, or 0^ If 
a doubly refracting prism be the analyzer, the 
I index is made to point to zero, when the 
ordinary image alone is seen. If, however, a 
Nichol's prism be used as analyzer, the index 
is arranged to point to 0° when the light is 
excluded; or, in other words, when the light, 
transmitted by the polarizer, is extingushed by 
the analyzer. 

Homogeneous light is generally employed 
when we wish to measure the arc of rotation 
. affected by a liquid on a luminous ray. Red 
. light is usually selected, because this is the 
only homogeneous light which can be isolated 
by coloured glass. "We, therefore, place a plate 
of red glass between the eye and the analyzer. 
If, wiien the index points to zero the tube 
I containing a rotatory polarizing liquid be in- 
troduced, the second or extraordinaiy image 
immediately becomes evident, if the doubly re- 
I fracting prism be used as analyzer. By tum- 
J ing the latter round to the right or to the left, 
[ as the case may be, tliis second image d.sap- 
t pears (when homogeneous light is used), and 
■c traversed by tlie index from the zero 
[Beasurcs the angle of deviation of the ray. 



r 
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If) however, a Nichol's prism be employed, it 
no longer excludes the light wbeii the index 
stands at zero, hut requires to he rotated a cer- 
tain number of degrees to do so, and the arc 
of rotation is here a measure of the rotative 
power of the liquid. 

The explanation of the action of these liquids 
on the incident recti linearly polarized light is 
similar to that already given for the axis of 
quartz; with the exception, that in the case 
of quartz, the circular double refraction may 
depend on the arrangement of the molecules, 
whereas in liquids it must arise from some pro- 
perty of the molecules themselves. 

The rotatory polarization of liquids is a mo- 
lecular property : it depends on their individual 
constitution, without any relation to the posi- 
tion of the particles themselves, or to their 
mutual distances, or to their state of repose 
or motion ^Biot, Mem. de VAcad. xiii. p, -MJ.). 

I proceed now to examine some of the liquids 
which possess the property of rotatory polariza- 
tion. 

First, with regard to the essential or volatile 
oils. Most of these bodies are rotatory pola- 
rizers: indeed, I know but two exceptions to 
this statement, viz., oil of mustard and oil of 
bitter almonds. Some turn the planes of po- 
larization to the right, others to the left, but 
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the intensity of their rotative power varies con- 
siderably, as the following table shows : — 

CIRCULAR POLARIZATION OF THE VOLATILE 

OILS. 

1. Left-handed, or Lcevogyrate. 

Arc of Rotation of like Red 
Rays through a thidtnesscf 
200 MiUimitres calculated. 

Oil of Turpentine (152 millimetres— 45°) 59° 2V 

" Mint 32** 28' 

" Anise 1** 52' 

« Rue ? 

Naphtha (tube 163 millimetres— 12** 40^) 15** 21' 

2. RigJU'Jianded, or Dextrogyrate, 

Oil of Lemon 110° 53' 

" Bergamot 38° 16' 

« Bigarade -. 157° 89' 

« Citron — 

" Limette — 

** Neroli — 

" Fennel 26° 32' 

" Caraway 13r 58' 

" Lavender 4° 04' 

" Rosemary 6° 58' 

" Knotted Marjoram 23° 68' 

" Sassafras 7° 06' 

" Savine 14° 12' 

This table is a very instructive one. It shows 
that isomerism has no connection with rotatory 
polarization, for of three isomeric oils (turpen- 
tine, lemon, and bergamot) mentioned in this 
table, one is laevogyrate, the others dextrogyrate. 
We see also, that oils derived from plants of the 
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same natural family (as the oils of anise, fen- 
nel, and caraway, from the umbelUfeTo;, and 
those of mint, lavender, and rosemary, from 
the labiatr^) differ in respect of their rotatory 
polarization. In some cases, perhaps, this 
fact might be available to the pharmaceutical 
chemist in detecting mixtures of one oil with 
another, as the adulteration of oil of pepper- 
mint with oil of rosemary, recently mentioned 
by Mr. Herring, (See Pliarmaceutical Journal, 
vol. i. p. 263..) 

Some kinds of sugar, when dissolved in 
water, yield solutions which have in a greater 
or less degree the property of rotating the 
planes of polarization, some to the right, others 
to the left. Hence, polarized light may be 
sometimes used as a test of the presence of 
sugar, and the degree of rotation becomes an 
indication of the quantity and even quality of 
the sugar present. Biot examined by this test 
a specimen of sugar-cane juice, and found that 
it indicated the presence of 20 or 21 per cent. 
of sugar, Peligot subsequently analyzed it, 
and found 20"9 per cent, of sugar. Biot, there- 
fore, suggests that those who make, as well as 
those wbo refine sugar, might resort to this 
test as a means of determining the amount of 
sugar in different juices or solutions. To the 
colonist it would prove useful by pointing out 
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the saccharine strength of the juice at the mill, 
and to the sugar refiner it would be valuable 
by enabling him to determine the absolute 
strength of raw sugar. 

The sugars are prepared for examination by 
dissolving them in water, and decolorizing the 
solutions when necessary, by filtering them 
through purified granulated animal charcoal. 

Several sweet or saccliarine substances do 
not indicate any rotatory polarization, and of 
those that do, some indicate right-handed, 
others, left-handed polarization. 

1. Cane sugar RighU-handed. 

2. Grape BUgiir(G(uc(MeofDiunas) ditto. 

' a. iDcrjstallLzableaugu' 

of honev Le/l-handtd. 

b. Incrjstmlizable sugar, 
obtaioed by the action 
of ocidsoncutie sugar diOo. 

e. Incrjatalltiiable sugar 
of the Juices of fruits 

</. lucryslallizable sugar 



3. InciTstallizable 
HUgar( Ch ularioae 
of Soubeiran) 




obtoiued bj the altera- 
tion of cane sugar. 
This constitutes " 
greater part of 



t^e 



4, Msnnite .. 

5. Glycerin .. 
(J. Liquorice a 

The grape sugar referred to in this ■ 
exists ready formed in honey, and in diabi 
It is deposited when the acidu] 
I of fruits have been saturated and i 
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I ficiently concentrated. Moreover, it is pro- 
duced by the action of diastase on starch, as 
well as when syrup, obtained by the action of 
weak acids on starch or sugar, is abandoned to 
itself. 

The following table, taken irom a memoir 
by Biot, shows the extent of rotatory power 
possessed by different sugars : — 



Sugar candy I. Aqueous solution 0'25 
2. " 0-50 

0-65 



'.'} '-^ 



e aagat STrap, boiled, 

bpidi; cooled 

ar of milk, crystallized 1 -.,, 
iqueous solution) J 

tarch sugar, nhite grains (ditto) 0'648 
rape sugar syrup — ... 

" in white grains 1 n.iffig 
(aqueous solution) J "* 

rystallizable principle of honey 0'34201... 1 
ncrystollizahle ditto — ... - 



. Arco/lMallim. ^ 

. 23" 28' 4S"^ 

. 51" 21' 45"^\^ 

. 70" 11' 15"^\^ 

. 16° 50" 33"'^''^ 



10° 21' 40' 
48° 30' 






Cane sugar, dissolved in water, causes riffht~ 
handed polarization. A strong syrup made 
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with refined sugar shows the colours most bril- 
liantly. When this kind of sugar is subjected 
to heat, especially in contact with acids, it 
loses its crystallizability, and then acquires 
left'\ia.ndei polarization. In the manufacture 
of barley-sugar, hardbake, &c., the makers of 
these kinds of hard confectionary use a little 
cream of tartar to destroy the crystallizability 
of sugar. Soubeiran found that a syrup of . 
cane-sugar heated by a salt-water bath, the air 
being excluded, underwent a series of remark- 
able changes in respect of its rotative power. 

Arc of Rotation for mean Yellow Ray 
for a length qf 100 Millimetres. 

Syrup, primitive +71 

" After twenty hours O 

" After twenty-five hours — 11 

" After sixty-four hours O 

" After seventy-two hours + 5 

Here, then, it appears, that cane-sugar, 
gradually lost its rotative power 0°, and then 

became ^^^^ • In this latter state it was pro- 
bably uncrystallizable sugar. But this in its 
turn lost its rotative power 0°, and became 

'^'^^ . The precise nature of the latter kind 
of sugar is not known. 

In sugar-refining the object is never to let 
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the syrup get beyond the first zero; that is, 
not to convert crystallizable into uncrystal- 
lizable sugar. Raw sugar contains, however, 
both crystallizable and un crystallizable sugar. 
The latter alone should constitute treacle. But, 
from Soubeiran's optical examination, it ap- 
pears that treacle contains a portion of crystal- 
lizable sugar. 

The optical characters of sugar have been 
made use of to detect fraud in pharmacy. In 
1842, more than a ton of a substance purport- 
ing to be manna was offered for sale in Paris 
at less than five pence per pound, the excuse 
given for tbe unusually low price was, that 
cash was immediately required. Suspicion was 
raised, and the substance was submitted to 
careful examination, the result of which was 
the establishment of the fact, that it was not 
manna, but potato-sugar. Its aspect, taste, 
fermentability{mannite not being fermentable), 
and the presence of sulphate of lime proved 
this. Biot submitted it to a very careful opti- 
cal examination, and found its characters to be 
those of a starch-sugar. Manna contains two 
kinds of saccharine matter, one called tnannite, 
and the other b. fermentable sugar. Now, man- 
nite, when pure, has no rotative power on 
polarized light, but commercial manna has a 
slight effect, owing to the presence of a small 
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quantity of fermentable sugar. This fictitious 
substance, however, had the same effect, on 
plane polarized light, as sugar prepared by the 
action of acids on starch, when the action is 
arrested at the first phase of its transformation. 

Vinous fermentation has been studied by the 
aid of polarized light. Take a solution of 
cane-sugar which has right-handed circular 
polarization. As soon as it begins to ferment 
it loses this property, but acquires left-lianded 
polarization. 

Polarized light has been proposed and used 
as a test of the presence of sugar in urine. 
To render diabetic urine available for this pur- 
pose, it must be decolorized by agitation with 
fresh prepared granulated animal charcoal, and 
subsequent filtration. The process is trouble- 
some, tedious, and can only prove successful 
in the hands of persons familiar with the 
phenomena of polarized light. With all due 
deference to Biot, I do not think it will ever 
prove of much value in practical medicine. 
We have other, simpler, less laborious, and 
cheaper methods of detecting sugar in urine 
than the one now referred to. Moreover, it 
should be remembered, that albuminous urine 
possesses the property of circular polarization. 

The substance called dextrine is starch-gum, 
and is soluble in water. It is usually prepared 



DEXTRINE. 279 

from potato^starch, either by torrefaction or by 
the action of a small quantity of nitric acid* 
A solution of it possesses the property of right- 
handed rotatory polarization, hence the name 
dextrine^ applied to it by Payen and Persoz. 



T 4 
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ADDITIONAL NOTES. 



I. 

Polarization of Starch. 

BiOT {Comptes Rendus, 1837, t. v. p. 905.) ob- 
serves, that there is this physical difference be- 
tween amidine tuid. dextrine, — that amidincy in the 
state of fecula, is a body actually organized, while 
dextrine has lost all regular state of aggregation. 

Fecula is an actually organized body. It pro- 
duces, in polarized light, phenomena (seen by the 
nucroscope) which can only result from a body 
regularly constructed, and of which the interior 
constitution is established around the diameter, 
passing by the point of the surface where is found 
a sort of umbilicus, by which it is generally supposed 
that the feculaceous globule was attached to the 
walls of the cell when it was developed. 

These phenomena are observed in all globules ; 
but their effect on the polarized light is the more 
energetic as they are larger; this shows that it 
results from the successive action of all the layers 
of which they are formed. 

When a globule has been broken or ruptured by 
some accident of trituration, the detached portions 
do not thereby lose their texture, for they continue 
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to act on polarized light: as far aa I am able to 
judge, they do it in the same manner a3 before 
they were separated from the whole. 

Fecula, disaggregated by water and heat, or by 
weak acida and alkalis, does not present these 
phenomena. They have, then, only the molecular 
rotatory power, which is not sensible in bo small 
thicknesses, and which is exercised according to 
other laws. 

If, during the disorganization of the glffbule, we 
study the action of iodine upon it, we see the pheno- 
mena of coloration vary with the progress of the 
attenuation, and they cease when the globule haa 
passed to the state of perfectly pure dextrine. 

These observations, re-united to chemical iao- 
merism, and to the constancy of the rotatory power 
in these successive slates, may induce us to think 
that the organization or the disaggregation of the 
fecula suffices to give to it, or remove from it, the 
property of combining with iodine, its nature re- 
maining the same. (Biot, Journ. Pharm., v. 1844, 
p. 445.) 



References on the Subject of the Rotatory Pola- 
rixation of Light. 

Biot, in his paper Sut la Comtruction des Ap- 
pareils destines a lAserveT le Pouvoir rotatoire des 
lAquides, published in the Annates de Chimie et 
de Physique, t. Ixxiv. p. 401., makes the following 




<. Mta, t. xri p. 239i ('i fiaiil 

ihiMjiii wiiiiiiiii i) 

6. A'oar. Amm. dm Mma^ t. iiL pL 47. 
of gnuMs). 

7. CompttM HemJmg, 6 Jain, 1836, t iL 
lion of iMMwy ■afasUnces, &c-). 



Re/eretwet on the Subject of the Turpentines. 

Mem, de VAcad. det Sciences (read Sept. 23, 
ISIH), t. ii- p. 46. (for 1817, but publiehed in 1819). 
Biot mentions here how he accidentally discovered 
the rotatiun of oil of turpentine, when examining 
crystallized platea placed in very refracting media, 
such QB this oiL He perceived that this liquid 
modified the condition of the polarized rays which 
traverflcd it. But he ohservea, that while Iq rock 
cryBtiil there are two opposite directions of rotation, 
in turpGDtino the rotation is always from the right 
towards the left of the observer. 




In thia paper he alao mentions other liquids 
which also posseas rotatory phenomena j some of 
them in an opposite direction, that ia, from the left 
to the right (pp. 46, and 47.)- 

The mean rotation of the rays transmitted by 
red glaas was, for every centimetre, 2°'7057 (p. 92.) 
Bt 20° centigrade. Thia is for the turpentine ttf 
commerce (pp. 92, and 93.), 

For the same rays transmitted through turpentine 
purified hy several distillations the rotation for 
every centimetre was 2°-8628 at the temperature 
of + 3° centigrade (pp. 92, and 93,). 

By mixing essence of lemons with essence of 
turpentine the rotations are compensated: 

1, Essence OF Lemon. — Rotation left to right ^^ 
The principal section of the prism being in the 
direction of primitive polarization, the ordinary 
ray ia sombre red ; the extTaordinarj/ ray greenish 
yellow. By interposing the red glass and turning the 

prism66° — ^j the extraordinary ray vanishea. 

n. Essence op Tdbpentine. — Rotation right to 

left,'^,,^ , Whenthapiinclpalseclionoftheprism 

corresponds with primitive polarization, the or- 
dinary rat/ is orange; the extraordinary ra^ bluish 
white. By interposing red glass and turning it 38°, 

to the left ^^■■^-^^1 the extraordinary ray becomes 
nothing. 

The above statements apply to a length of 
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Hence the rotatory force of essence of lemons is 
to that of turpentine as 66 : 38. Consequently, if we 
mix 66 parts of the second (that is, the oil of tur- 
pentine) with 38 parts of the first (that is, of the 
oil of lemons), we have a mixture in the proportion 
of their reciprocal intensities, and in which the 
powers of rotation will be compensated (p. 118.). 

Biot then describes the rotatory power of the 
vapour of turpentine (p. 125.). 

In the Memoires de rAcadimiCy t. xiii., 1835, is 
a memoir by Biot (read 5th November 1832), en- 
titled Memoire sur la Polarisation circulaire et 
sur ses Applications a la Chimie organiqtie. In 
this he gives the deviations of the oils, &c., which 
I have copied in the printed table at p. 272. of my 
Lectures on Polarized Light. 

The oil of turpentine which he examined had 
been rectified with the greatest care by M. Dumas, 
and was the same of which he published an analysis 
in- the Annales de Chimie et de Physique for July 
1832. The oil he describes as being limpid and a 
little greenish. The temperature is not stated. 

Mitscherlich, On the Circular Polarization Ap- 
paratus for Saccharine Liquids, in Central Slatt, 
1851. 

English Oil of Turpentine^ examined by Bour- 
chardat, May 21. 1845 : — 

Temperature =15° centigrade. 
Kotation, right-handed = 22°*5. 

„ „ „ with red glass =17**. 

w » » » » lv> *9. 

Length of tube used = 108 millimetres. 
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The sp. gr., according to Guibourt, was 79°; 
Gay Lussac, at 12° centigrade. 
Essential Oil of the Silver Fir, Abies taxifolia 

{Abies picea) : — 

Sp. gr., according to Guibourt, was 81°; Gay 
Lussac, at 12° centigrade. 

Temperature =15° centigrade. 
Kotation, left-handed = 26° -25 (for the flax- 

flower tint). 
„ „ red glass = 19°. 

Length of tube used, 199*4 millimetres. 
Now, as 199-4 : 1000 : : 26-25 : 13-2 ; so that the 
rotation would be 13°'2 for a tube of 100 milli- 
metres in length. 

J. P*s rule : — 

1. To reduce the rotation without red glass to that with, 

multiply by 23 and divide by 30. 
Ex. 22°%5x23 _.^y.gg 
30 

2. To reduce the rotation with to that without red glass, 

multiply by 30 and divide by 23. 
JEx. iyx30 _gg.g 
23 



IV. 

Extracts from Biofs Memoir (Ann. Chem. Phys., 
vol. lxxiv.y 1840), quoted above. 

Zero point, direct polarization 0°, is when E 
(extraordinary image) is entirely or almos^ com- 
pletely insensible. 
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If water, spirit, or other inactive liquids be in- 
troduceil, E remains iavisible. 

If oil of turpentine, tartaric acid solution, &&, 
&c., be interposed, E reappears. The primitive 
polarization ia disturbed. 

If red glass (culoured by protoxide of copper) 
be iaterpoaed, and tbo analyzer turned right or lef^ 
the image E again disapfiears. The arc traversed 
by the alidade, from the zero point, measures the 
angle of deviatioa which tbe plane of polarization 
of the red rays suffers. 

But the deviations of the different simple rays 
are almost exactly reciprocal to the squares of the 
lengths of the undulations in the wave theory. 
Tartaric acid is an exception to this. Hence, in 
the succession of the extraordinary tints, which 
appear as the prism is rotated, there is one ex- 
tremely distinct and easily recognizable, which re- 
sponds with a singular approximation to the devia- 
tion of tho pure yellow rays, and which we reduce 
to that of the rajs transmitted by the red glass, by 
I multiplying it by ^^ This tint is a bluish violet, 
I which immediately follows the intense blue, and 
I immediately precedes the yellowish red, in the pro- 
ts of the rotation ; and both, by its special nature 
I and by its striking opposition with the two other 
I {tints}, between which it is always comprised, it is 
BiimpoBsible not to recognize, when we have once 
piKmght for it. 

Observation thus effected is more easy and 
■|)rompt than with red glass, and the appearance 
K«Dd change of colour very sensible. 



V. 
Tartaric Acid. 

Biot, in his Memoire sur la Polarization circu- 
' laire (read to the Academy of SL-iencea on the 5th 
November, 1832, and published in the 13th volume 
of the Memoires, 1835), says, at p. 138., that there 
are entire classes of organic compounds which, if 
not actually without the power of circular pola- 
rization, at least possess it in a degree which rela- 
tively is very feeble. 

But in the Table G, p. 168. of the same memoir, 
ha has the following : — 

" Crystallized tartaric acid dissolved in water, 
in the proportion of 538-607 of acid to 52B'230 of. 
water. — 160 millimetres of tube. Solution colour- 



less. Rotation + 8''"5 



" , strongest on the 



least refrangible rays." 

The most complete account of the polarizing 
powers of solutions of tartaric acid aro given by 
Biot in his Methodes maihematiques el expert- 
mentales pour discerner tea M6langes el les Com' 
binaisons ehimiques difiniet ou non dejtnies, qui 
agissent sur la Lumiere polarisee ; suimes itappU- 
cations aux combinaisons de I'acide tartrique avee 
I'eau, talcokol et lesprit de bois," presented to the 
Academy on the 11th of January, 1836, and pub- 
lished in 15th volume of the Memoires. The fol- 
lowing are extracts : — 

The tartaric acid used was of English manufac- 
ture (p. 144,). 

" In all active bodies the rotatory power exer- 
cised on the difierent simple rays ia unequal In 
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all, with the single exception at present knovn of 
tartaric acid, this inequality follows odc same law, 
rendered evident by the identity of compound co- 
lours, which appear when we aoalyze white pola- 
rized light, transmitted in all these Bj-stems througl 
thicknessea inverse of their power. The exception 
presented in this respect by tartaric acid is the 
more remarkable, since aU its combinations with 
salifiable bases, even with boracic acid, have rota- 
tory powers conformable to the general law ; at least, 
within the limits of precision which I am able to 
attain by composing the series of their tints with 
those which produce oU the other bodies." 



VI. 
" FoTTimla for determining the absolute Weight 

of pure Diabetic Sugar contained in a litre (= 

1-7608 tmpenal pints') of IHabetic Urine. (Given 

me by Bourchardat, 1845. ) 

" According to the experimenta of M, Biot on 
pure diabetic sugar if we examine diabetic urine 
in a tube whose entire kngth in millim&trea is ^ L, 
and the deviation measured by the naked eye, for 
the extraordinary violaceous blue tint which imme- 
diately precedes the yellowish red, he a, the abso- 
lute weight of sugar contained in a litre of this 
urine will be, in grammes, 2353, 6a (with the orange 
yellow tube 2340. 1). 

" If the length of the tube is less than 330 mil- 
limetres, and the blue and yellowish red colours be 
yeiy apparent, on account of the slight colour of 
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the liquor, thia evaluation ■will be rather in excess 
than too little. If, on the contrary, L Gurpasses 
350 millimetres, or if the urine is so strongly 
coloured that the coloura differ but little before 
and after the point of the passage, the evaluation 
will be rather too low than too high. 

" In every case the uncertainty is of very little 
importance, especially for diagnosis. It proceeds 
from the difference which the more or leas intense 
colour produces in the determination of the point 
of passage where we measure the deviation when 
we observe it by the naked eye. We cause it to 
disappear by always observing it through red glass. 
This renders the deviations comparable with each 
other, but this will here render the observations 
much more troublesome without any real utility. 

" Here are two examples, which show the appli- 
cation of the formula : — 

" 1, "We have a dijibetic urine in a tube whose 
total length L was 500 millimetres, and we have 
found a deviation a equal to 15°; by multiplying 
at first 2353-6 by 13, we have for a product 353O4-0, 
which, being divided by 500, gives for the quotient 
70-608. This is the weight of diabetic sugar con- 
tained in each litre of the urine examined ; and the 
evaluation is rather too low than too high. 

" 2. The tube of observation bad for its length 
347millimetres-, thedeviationob9ervedawaslO°-967. 
The urine was very coloured through thia thickness. 

"By multiplying 2353-fi by )0°-967, we Lave, 
24870-5 for a. product, neglectiug, after the mulli- 
pticatioH, the decimals beyond the tenths. Now 

V 
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this number 24870*5, being divided by 347, gives 
for the quotient 71 '673. This is the weight of 
diabetic sugar contained in each litre of this urine; 
and the evaluation is rather below than above, be- 
cause the urine will appear very coloured in the 
observation tube. 

"These calculations of multiplication and of di- 
vision are made in a moment by a table of loga- 
rithms. 

"When the urine is very coloured, tlie extra- 
ordinary image remains insensible to the eye dar- 
ing a certain amplitude of course of the doublj 
refracting prism. We determine, then, the limits of 
its disappearance and of its reappearance by a cer- 
tain number of successive observations. The arith- 
metical mean between the extremes is -the true 
measure of a. It is thus that, in the second ex- 
ample, we have obtained the fractions of the degree 
of deviation." 

L = length of tube. 

a = deviation. 

2353*6, an empirical number. 
Let L = 303 millimetres, 
a = 40°; 

Then ^^^^'^^^ = 310*70 { ^^^^^^ ^^ diabetic 
L 1 sugar. 

/ = length of tube in English inches and fractions, 
a= deviation of the ray. 
812*20607, an empirical number. 
812*20607 X a ( English troy grains of sugar in 

one imperial pint of diabetic 




* ' urine. 
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vn. 

On Fraunhofer's Spectra. 

[It has been stated above generally, in respect to 
the colours produced by interference, that they are 
always \compound tints, |and in no case pure pris- 
matic colours. To this there is, however, one remark- 
able exception, — an exception which, nevertheless, 
is fully accounted for by the theory of interfer- 
ences. It occurs in the following experiment, in 
many ways an important and interesting one. 

Make a small frame to fit on to and sur- 
round the object end of a telescope. Across this 
frame stretch a great number of fine threads close 
together, so as to form a fine grating of parallel 
lines, covering the object glass : fine sewing cotton- 
thread answers well. Now direct the telescope 
to a distant narrow slit in a screen or window- 
shutter through which the light of the sky passes, 
taking care that the threads are parallel to the 
slit. On looking through the telescope, the white 
image of the slit will be seen in the centre, accom- 
panied on each side by a perfectly pure spectrum 
of the prismatic colours in the usual order, the 
violet being nearest the centre. So pure are these 
spectra that Fraunhofer, with his excellent glasses, 
was able to distinguish the dark lines in them 
(seep. 35.): with moderate telescopes it is pro- 
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bably impossible to see these. Beyond these other 
spectra may be seen, but in which the colours are 
more and more superposed' and compound. They 
are called Fraunhofer^s SpectrOy from their dis- 
coverer, who also explained them by the inter- 
ference theory, though the investigation is too long 
to insert here.] * 

* The student is referred for full details to Professor 
Poweirs Elementary Treatise on Experimental Optia, 
p. 151 ; and to Mr. Airy*s Tracts, Undulation Theonf) 
Art. 83. 
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NOTES 

OP A 

LECTUKB ON THE MICKOSCOPE. 



INTRODUCTION. 



The object of this Lecture is to draw the 
especial attention of members^ associates, and 
students of this society to some few of the 
pharmacological revelations of the Microscope, 
and thereby to promote the more frequent 
employment of this agent, which, to the phar- 
maceutist, I hold to be one of his most im- 
portant, valuable, instructive, and useful 
scientific instruments. 

This Lecture is intended to be of the most 
elementary character, being essentially adapted 
for the uninitiated. I feel it necessary to 
premise this statement as an apology to those 
who are familiar with the structure and uses of 
the microscope, and who might, perhaps, be 
led to expect that I was about to treat the 
subject in a different, and to them more in- 
structive manner. 

u 8 
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Since the Lecture was announced I have 
had communications with some of the persons 
who, I presume, are here present, requesting 
me to furnish them, through this medium, with 
information and details, which certainly I had 
no intention of doing, on account of the in- 
vidious position I should place myself in. 

I had proposed to excite the desire of phar- 
maceutists for microscopical investigations. But 
I find the appetite pre-exists; and they are 
anxious to know where, how, and at what cost 
they can gratify it. I have been asked what mi- 
croscope maker I recommend; what mag- 
nifying power is required; and what is the 
cost of a proper instrument for the pharma- 
ceutist ? 

These inquiries have induced me to devote a 
portion of this Lecture to a few details illustra- 
tive of the structure of the microscope, and will 
show how difficult it is to answer these questions. 

The fact is that, when we talk about a mi- 
croscope, we do not speak of an instrument of 
definite extent, or consisting of a constant and 
unvarying number of parts. There are cer- 
tain essential parts, and many others non- 
essential or optional. Yet some of these non- 
essentials are, notwithstanding, so useful, that 
microscopical investigations can scarcely be 
carried on without them. 
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ON THE MICROSCOPE IN GENERAL. 

We derive the term microscope from [juxpos 
little, and a-Kovia) I view. It may be defined as, — 

1. An instrument which enables us to vieio 
objects which are too little to be seen by the 
naked eye. 

2. An instrument which enables us to see 
objects distinctly at a shorter distance from the 
eye ihan is compatible with distinct vision. 

3. An instrument which enlarges the angle 
of vision (or optical angle), and thereby enables 
us to see objects too minute to be seen at the 
distance of distinct vision. 

4. An instrument to enlarge and render dis- 
tinct the image of near objects. 

At different distances from the eye* the 
same object subtends different angles, as may 
be illustrated by the annexed diagram, which 
needs no explanation. 

Fig. 97. 



r -. '*"*"~^ 

The nearer we approach a body the greater 
the angle, and, therefore, the larger the body 
appears. 

. ft A 
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If we look at a pin or needle through a pin- 
hole aperture in a card, the nearer the pin or 
needle is to the eye the larger is the apparent 
magnitude of the body. For the power of 
adjustment for distances, see explanation in 
Muller, p. 1153. For distinct vision the rays 
must be brought to a perfect focus at the 
retina. The eye can adapt itself so as to pro- 
duce this effect within certain distances. This 
power of adaptation varies in different indi- 
viduals. From 5 to 10 inches is the distance 
of distinct vision. 

If a small object be brought very near to 
the eye, it appears very large, but is Mrhdlly in- 
distinct, because the humours of the eye are 
not sufficiently refractive to cause the rays to 
meet on the retina : they, therefore, converge 
behind the retina. Though the object looks 
larger, it is seen with indistinctness, and there- 
fore no advantage is gained. Thus, with respect 
to these small bodies, all men may be said to 
be long-sighted: they require glasses of a 
convex nature to make the bodies visible. 

A microscope here proves serviceable. An 
artificial image is here formed in front of the 
eye. The rays meeting to form this image 
not being received there by any opaque surface, 
diverge again from this point in the same way 
as if the object for which they originally ra- 
diated were there situated. 
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Thus it gives the eye the advantage of the 
augmented magnitude, and removes the incon- 
venience that arises from the too great proxi- 
mity of the object. The picture formed upon 
the retina corresponds with one of an object 
greatly increased in its dimensions and viewed 
at the smallest ordinary distance of distinct 
vision. 

Microscopes are of two kinds: — 

1. Simple. 

2. Compound. 

1. The simple microscope consists of a single 
convex lens with a very short focal distance, 
which may be called a simple magnifier. Or, 
again, the simple microscope might be formed 
of several lenses ; but then these must be com- 
bined so as to form a compound lens whose 
function is to produce an effect on the rays 
equivalent to a single lens. 

8. The compound microscope consists of a 
combination either of lenses or of a speculum 
with lenses. In the first case it is called a 
dioptric or refracting microscope ; in the latter 
a catoptric or reflecting microscope. 

The compound microscopes in general use 
are of the dioptric or refracting tind. 

Refracting Compound Microscopes. 
These consist of at least two convex lensea ; 
one nearest to the object and therefore c 
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the object-glass^ the other nearest to the eye, 
and therefore termed the eye-glass. 

By this a double magnification takes place: 
the object-glass produces an enlarged real 
image of the object, and the eye-glass magnifies 
this image in the same way as a simple micro- 
scope does the object. 

Hence, then, with the same object-glass dif- 
ferent degrees of magnification may be obtained 
by using eye-glasses of diflferent powers. 

It is curious, however, that if, from some 
imperfection in the object-glass, it gives a dis- 
torted or imperfect image, the eye-glass will 
magnify the distortion or imperfection. Hence 
it is not desirable to use too much magnifying 
power in the eye-glass, especially for the high 
powers of object-glasses of short foci. At least, 
it is necessary, in the first instance, to know 
what the goodness of the object-glass is, in 
order to determine what powers it will bear. 

The chief qualities which a microscope ought 
to possess may be distinguished as, — 

1 . Penetrativenessy (called by Ci\xe\ett power 
of definition,) which is principally eflfected by 
the angle of aperture, 

2. Definitiveness^ (called by Quekett correct- 
ness of definition^ depends on the balance of the 
aberrations and the workmanship. 

The quantity of light collected and trans- 
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mitted by each lens will be as the squares of 
their diameters. 

Increase of illumination cannot compensate 
for deficiency of aperture. It cannot be made 
to increase the relative proportions of light 
which proceed from these minute parts. 

IMPERFECTION OF MICROSCOPES, AND MEANS ^ 

OF CORRECTION. 

The causes of imperfection which give rise 
to want of defining power and want of pene- 
trative power, or want of dejinitiveness and 
penetrativeness, are chiefly the following : — 

1. Spherical aberration. 

The means of correction are, — 
a. Stops or perforated diaphragms, to 

limit the area of the rays. 
/8. Aplanatic glasses {^aTrKavrfriKos not 

disposed to wander or roam), 
7. Augmentation of density or refrac- 
tive power in the centre of lens, 
or in the crystalline lens of the eye ; 
but this property cannot be applied 
artificially. 

2. Chromatic aberration or dispersion. 
The means of corrections are, — 

Achromatic glasses (aj(poi)fiaTiK69 cb- 

void of colour). 
These are made of lensei' 
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glasses of different refractiye and 
dispersive power, nam,elj,^int and 
plate glass. 
Corrections for aberration remedy some 
defects of defining power. 

3. Deficiency of light, or small aperture. 

The larger the angle of aperture, the 
greater the power of penetration. 

Contracting the aperture of the object 
glass lessens the aberrations. 

The higher the magnifying power the 
greater the aberrations. 

Twenty years ago it was thought a great 
achievement to make an achromatic ob- 
ject-glass which should transmit a pen- 
cil of an angle of about 20^. They are 
now made to transmit more than 90^ 
Mr. Ross's x^th transmits a pencil of 
120°. He has made one which trans- 
mitted a pencil of 135% the largest 
angular pencil that can be passed 
through a microscopic object-glass. 

4. Errors in the centring and adjusting of 

lenses. 

Supposing that the glasses are worked 
with great accuracy, the lenses re- 
quire to be most accurately centred 
and adjusted. Mr. Beck informs me 
that the grinding, centring, and ad* 
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justing ofthe lenses composing a ^tb 
object-glass is a good week's work. 

5. Bad quality of glass. 

6. Tremor or movement. 
Tbis depends on the stand. 

7. Inconvenience of movement 

The modern improvements introduced into 
the conscruction of achromatic glasses for the 
microscope are chiefly due to the discoveries 
of Mr. Lister, who found that, by using for bis 
powers eombinations of two or more, separated 
by determined intei'vals, much larger pencils 
could be brought to accurate foci, and the 
instrument would bear with distinctness much 
higher magnifying powers than with a single 
achromatic object-glass. 

He also introduced the practice of joining 
together the glasses composing the doublets 
or triplets by Canada balsam. 

Mr. Hoss applied Mr, Lister's principles with 
such success, that be obtained achromatic ob- 
ject glasses so accurately corrected, that even 
the thickness of the glass or mica used to 
cover the object disturbed the correction. To 
remedy this, he contrived a method of com- 
pensation. By means of a screw-collar he 
managed to vary the distance between the first 
and second compound lens, according as the | 
object is uncovered or covered, and • 
to the thickness of the cover. 
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In Mr. Ross's article on the Microscope in 
the Penny CychptBdia^ the objectives of the 
high powers are said to be three doublets. Two 
doublets and one triplet is now used. I am 
informed that this improvement is due to Mr. 
Lister. I have not seen any notice of the 
use of this triplet in any works on the micro- 
scope which I have met with. 

Eye-piece. This is not achromatic. The 
slightest inspection of it will show this. Here, 
then, you will say is a great defect. Great 
expense and trouble is lavished on the object- 
glasses, and by them a colourless beam of light is 
obtained : but when this reaches the eye-piece 
it is dispersed and coloured. Such, however, 
is not the case. The dispersion of the eye- 
piece is counteracted by the overcorrection of 

the object-glass. 

Fig, 98. 
Uncorrected Object-glass, Achromatic Object. 





Over-corrected Object-glass, Vn-corrected Eye-piece, 





B signifies blue rays. 
R " red « 
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PRESENT STRUCTURE OF THE COMPOUND 
MICROSCOPE. 

1. The Object-glasses are achromatic, as 

already described. 
S. Eye-piece. Tlie one in use is that called 
the Huyghenian. It consists of two 
plano-convex lenses oi plate 
Fig. 99. glass : the lower and larger 

Bttygheniaa Eye-piece, lens is called t\ie Jield-glass ; 
the upper and smaller one 
the eye-glass, or the mag- 
nifier. 

Three eye-fieces are made, 
caliedA, B, andC, or 1, 2, 
and 3. They are of difierent 
degrees of power : the 
higher the power, the greater 
the convexity of the lenses 
and the nearer they aro 
placed together. 

The magnifying power of 
the eye-pieces made by dif- 
ferent makers is not abso- 




)r the details of the 
Huyghenian eye-piece lutely alike. 

IS referred to the Penny servers object to the 
Cydopadia, Art. Mi- 
croscope, p. 186., from ffHcli this figure is taken. 
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of very powerful eye-pieces, especially for 
object-glasses of high power. 
3. Draw'tuhe, By drawing out the tube we 
increase the distance of the object-glass 
from the eye-piece, and thereby increase 
the size of the image. Within certain 
limits this may be usefully employed. It 
requires the object to be brought nearer 
the power ; and, as the rays then fall more 
obliquely on the object-glass, the errors of 
aberration are increased. 

Fig. 100. 
Object' Glasses, or Powers, 
if i and ^^g'tnch focus. 

Flint lllliliili^^^ Flano-concaye. 

, Crossed. 
Doubly concaye, 
with unequal focL 




Plate 

Dense flint 

Plate 




Plate 

Flint 

Dense flint 
Plate 



O 

Fig. 101. 
f and 2'inch focus. 



Plano-convex. 

Plano-concave. 

Plano-convex. 




O 



Crossed. 
Plano-concave. 

Meniscus. 
Plano-convex. 
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Fig, 102. 
2-inch focus. 



Plate 
FUnt 




O 



Crossed. 
Plano-concave. 



ACTION OF THE MICROSCOPE. 

1. The Object-glasses redeict the TSiys coming 
from the object, and would bring them 
to a focus. 

2. The Field-glass changes the course of 
the rays in such a manner that the image 
may be formed of dimensions not too 
great to come within the range of the eye- 
piece, and, consequently, to allow more of 
the object to be seen at once. It also serves 
to correct the errors of the eye-glass. 

3. Eye-glass, The whole of the image pro- 

duced by the field-glass is within the 
range of vision of the eye-glass. 

POLARIZING MICROSCOPE. 

In applying the compound microscope to 
observe the phenomena of polarization there 
are two situations in which both the polarizer 
and analyzer may be placed. The former may 
be placed in the opening of the stage, imme« 
diately below the object, or (which t« 
able, when a high power is used) at 
of the achromatic condenser. 

The analyzer may be placed in 
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-"^.^^^Ifc^ 



the eye-piece (marked A in the diagram), or a 
the bottom of the draw-tube (marked B) ; an 
each has its peculiar advantages. Whe 
placed at A, it can only be used with the lowef 
^'"^ ^^^ eye-piece ; and even the 

shghtly diminishes th 
field of vision ; but it : 
easily rotated, and do( 
but little injury to th 
definition. When at I 
it may be used with an 
eye -piece, and does nc 
diminish the field ; but : 
cannot be rotated s 
easily, and it materiall 
deteriorates the defini 
tion. For the latter rea 
son I have placed min 
above the eye-piece i 
the situation marked A 
Dr. Leeson tells m 
that a plate of pale toui 
maline at B answers ex 
tremely well, as it ha 
the advantage of not in 
terfering with the exten 
of field, and, being thir 
has but little effect o: 
the definition coinparei 
with the thick prism. 
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PURCHASE AND PRICES OF MICROSCOPES. 

Advice, 

1. Buy of a good maker. 

2. The first thing to buy is the stand. 

3. Then, 



One power 

^ DOwer 


1. 


2. 


Student's. 


3. 

With sUge 

movements. 


4. 


£16 16 
5 5 


£12 12 






£9 9 
5 5 


£5 10 
5 5 






£22 1 
2 eye-pieces. 
&c. 


£17 17 





£14 14 
Box. 


£10 15 
Box. 




( 
1 


)r 

-inch 


stage £4 4 

£ s, d, 

5 10 

,330 














£8 13 



Cautions. — Continental (French) object- 
glasses are much cheaper. The objectives are 
sold in sets, of which 1, S, or 3 may be used 
at once ; by which great variety of power is 
gained, but perfection is sacrificed. No single 
objective can be thoroughly corrected ; each 
combination to be corrected for itself alone : 
hence English achromatic comhiiM>*i'*nR con- 
sist of two or three compoi; 
cannot be separated. 
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A high magnifying power i«. 
good. I saw, i/ LeaLXlI-str/"^^ 
scope „,arked one guinea, sJd.' " "" 
1000 times. ' **" *o magn 
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PRICES OF MICROSCOPES EXCLUSIVE OF OBJECT- 
GLASSES. 

£ s, d. 
1. Best microscope, on double pillar, and 
sconces. Body with quick and slow 
motions, graduated sliding tube, and two 
corrected Huyghenian eye-pieces; stages 
with vertical and horizontal rackwork 
actions (given by rackwork and screw 
or lever) ; sliding and revolving plane 
and spring clamping piece; revolving 
diaphragm; large double mirror ; forceps 
and joint; pliers and glass plates; with 
thin glass, &c 16 16 

Best Spanish mahogany case, with box 

and drawers 3 10 

Or Honduras ditto, with box 2 6 

■ ■ 

2. Best smaller microscope, on single pillar 

and joints, with actions same as the 

above, &c 12 12 

Flat mahogany case for ditto, with drawer 116 

3. Student*s microscope, with uprights and 

joints, actions same as the above ; one 
eye-piece, concave mirror," and others ; 
actions same as the above ; mahogany 
case included 9 9 

4. The above with plain stage ; consisting of 

sliding piece and clamping spring, one 
eye-piece, concave mirror, and otiiers ; 
actions same as the above 5 10 

5. Plain microscope, for hospital use, with 

quick and slow motions to body, one 
eye-piece, and case • 2 15 
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APPARATUS EXTRA. 

Eye-pieces from 13^. to 17 6 

BullVeye lens, or illummatoi', on stand.... 110 

Ditto smaller 12 

Side illuminator, with imiversal joint 18 

Side silver reflector, with joints 110 

Erecting glasses 1 

Three dark wells and fittings 12 6 

One ditto for small microscope o 6 

Brasswork of achromatic condenser 1 10 

" " for student's 

microscope ,, 7 d 

Set of lenses for ditto 1 10 

Camera lucida 1 

Micrometer for stage from 5*. to 10 

" to eye-piece 10 

Live boxes from 6«. 6d. to 14 

Compressorimn 110 

Glass troughs from 2s. 6d. to 8 6 

Polarizing apparatus 2 10 



PRICES OF OBJECT-GLASSES. 

I<ieberkuhii*i 
Object-glasses. additional. 

£ S. d. £ s, d. 

3 and IJ-inch combination 4 01 _ _ 

U-inch 3 0/^^^^ 

Uandi " 4 4 01 

^ " 3 3 Oj" ^^ *' 

T^TT without cone 4 4 01 

^^with " 5 5 o[^ 10 

i-inch 5 5 01 ^ _ 

I " 7 7 OjO ^ ^ 
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£ 5. d, 
Studewt's Microscope, with quick and 
slow motions to body ; sliding tube, and 
one corrected Huyghenian eye-piece, 
sliding plane, and spring clamping piece 
to stage ; forceps ; &c. ; and packed in 

mahogany case 5 10 

2nd eye-piece 15 

-r\y-inch object-glasses without cone 6 4 
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[These details seem to have been required for the 
information of those to whom Dr. Pcreira's Lecture 
was addressed ; they are therefore here retained, though 
the reader should be aware that such particulars can 
hardly be considered as universally applicable, and that 
various changes in the arrangements and prices are con- 
tinually occurring.] 
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CedL— Stable Practice I or Hints 



OoQTersatlons on Botany. Vew 



Discipline. By tbe Aatbor of 



Eiutlabe-UaterioJa far a HIs- 



The EcUpae of Faith; or, a. 



A Defence of The Eclipse of 
The Englishman's Qreek Odd' 

The XnsUdinum'a Hehmr uul 



E^emer^. — A Handbook of 



Ephemera.— 7be Book of the 
W. EiSklne, Esq.— History of 



roTeBter and BJddnlph'B Hor- 

EcclnlullcXud SudiJ Diii^uld-i rSr 

Tiands. — Annals, AneedotM) 
The Poetical Works orOUrer 



Ht. W. a. Greg's ContzibotlmB 



Gnmey.— Historical Sketehei | 



Srllt, — An Eneyolopgedla of 



L 



NEW W0BK8 AND NEW EDITIONS 



Sidney Hall'a Oeneral LufC 

utf ^'^ CaloiMtt Ha. pnvfl JH- At. 

Hunlltoo.— Dfwtuilaiis In Pbl- 
Hare (AtcMcicdd).— The Ufi 



Harriacn. — Tbe Light of the 

fqu. f«T. BTO.pri4.-atf- 

Bxnj meorer.— The Hunting- 
Hairy Hteevei. — Fnctleal 
Bury Bleorer.-^he Stod, ftor 



Hanr Keoret.— The Fecket 



Hut; Hleover. — Stable TaUc 



Haydn'BBookoflHgtilttMieai 

JHIHiil,*HHIn>r.'kirnL'i^ K oMli 









BMjdaa.—Tbe UA of BeqJiMli 



ffir John HencheL— Ontliaa 



mu -TrftTclfl in Slbeii* wk 
Hint! en Etiquette ai^ (hi 

UiMfHof 8«le1rT WLik A G|ur« tt Bft 



HaU.-Frize Essay on the Htf 

Urd HoUand's Hem^n,- 
Lord Holland's lonign Hani' 



roBLisHiD n L(U40UAH. aKOWN, ai 



Holluid.— Obftpten on Mental 



Hook. — Tlie Last Dayi of Oni 



HookBT.— Eew Oaidenii or, r 

Honu.— AnlntrodncHan to thi 

» 'l?iilf™.TeJ T'»i(.''-i!r3l'SilU a or™.' 

Home.— A Oompendlana Inbo- 

HowlU. — (A. n.) An Art Stn- 
Hawltt.-Th« OMldnn'i Tear. 



L 



WW_MmB. rap. t». » 



Hovitt.— The Annl Uft of£a- 

Howitt,— TMts to BemaTkable 

Second Sorieo, chiefly In the 






Hndi{in.~TheE:xeoatoi'i Gulde> 
Hunboldt's Aipecti of Natnre. 



Conuw.— Tnaa- 
HnmpliTeyB, — Sentiment! and 









NEW WOBKB AND HEW EDITIONS 

XJppti's CaUecttoB of E 
Klrby.-Tho Ufc of the 

Klrbyt Speoce's Introdi 
laiDg'M [S.}ObBervations i 

I-^E. L.-The FoeUeal X 
Dr. I«Quun on DiseueE « 



Hn. JuuMiu'i Legend* of the 
Mn. Junsaott'i Lepiidi ofOic 
Hn. Junewm'i Legeudi of the 
Laid Jtffnfa CoDtribntlaui to 



Bl*hop Jeiemj Tftylar's EnUre 

FuElCintr.'nnow o! 0H.1 CMkie.Oi 



;iOpII~iT» itii uijeui. In One Volrnle 

Kanble.-^he Sucnis Id Eng- 



Mrs. B, Lee's Elcweiita o 



Lettera <m H«ppIiieflB, addr. 



P„„USH<n .T LONGMAN, SHOWN. *ND Co. 13 | 


LARDNER'S CABIN 

ConpIlK l> 1S3 wH. ftp. l™. wllbTHl.l 

"•"iSE;.i'..is'\'.l.rr~: 

SKffi!=™, ■.',;:;■. tii: 
"■"sssvissr ",..,. ,..«. 

-■'Sir;"-^::::;::"; 

SKSisX- ■. ',-.1. t:». 


ET CYCLOP/EDIA. 

JOHN PHIU.1PS, f,Ba,. 0,8. 
TillBi, prlci, In clollh NlnrKin Ollncil. 

tt CABINET CYCLOFf DIAi— 

st.KiMs"-.-.;::;- ■■■"■ 

«.„S!S^^;.r.i.-'- '■"■ 
«.Ti".'S«.i. ;.,;.'■•■■ '■■' 

St £»«,*».■'■""■"■"■ 

M, S-nlniaD'/aiidn/tili ! Iii>1.' li.'u. 
Ot.trt .... g.ol.. ffl,. 



7/ VOBES AND MEW EDITIONS 



lotten to mylTiikiiown rilendt 
Llndley.-^he Tlieory of Hortl- 

Ik^'laloilcdPfSBCIpln. St Jom Like 

Dr. Jolm Uudley'i Introdoctioii 
IJnirood.-'Anthalogiti Oxonlen- 

Sr. UtUe on DefbrmitlM.— On 

«tc. WMi ISO WMdeiiti Bud [HtgiBA 

Unan.— The Cltnreli of CbxiSt, 

Lorimer'iICILettcrstoaTanng 
London'! Self-Inatrnction for 

mtttv, flwh-lMvliif, UManr. Haniur. 
Lud-SBrf«*laft LmUlBbnmibr aiirf 
■•rrinf , ArOBieiMnl DUrltf ^i Tu- 



London's Enoyclopsdia of Gar- 



B?i£klSl. WUtMivta^KTwIlM! 



Utncton's Eneyclopwdia I 



[«iidan'i Encyclopsedia i 



London's Encyclopte 

™ SJi'i'J^wUSi U' J"'""" 



London'! tSncyclopcedia t 



London's Hortus Britani 



FUDLISHBD BY LONGMAN, BROWN. /lKDCo. 



Mrs. Loudon's Aamatenr Cu- 



Low.— A Treatise on the Do- 



IXioir. " Elementi of ProetieaJ 



Uacaalay.— Speeches of the 
Haeaiilay . -The History arEng- 



' Itr. Hacaulay's Oritical and 



Dihul Vlin.llt. l)imi.(t ri™q Btb. 



Sacanlay. — Lays of AncUiit 



Hr. Macanlay'sLays of Andent 



Kacdanald. — Villa Verocchto | 
Sir James Uaoldntosh's History 

Wartintcsh.— Sir James Kaek- 
K'Ou1Ioc1i.-& Dictionary, 



H'Callao1].-A UoUonary, 
H'CoUaeb. ~ An Account, He* 

ictipiHi ind Mubtli-al or tbi BHU-li 
lund, tod groBiJ)- ^rro^^d- I'OU. I*B. 



NEW WOBKS AKD MEW EDITIONS 



KaitUnd.— The Cbnrch In the 



Bin. Uareet'i CoDTenattDm on 
■n. Harcet'* Ooovemtloiii on 
Bin. KEuMt's OffiinTSfttions on 
BbB. SUrcct's OonTenstiDai oa 
Mm. BlaiOBt's ConvenatloDs on 
Harttuean.— ChUTCb ^stoiyin 



HaiuideT's Biographical Trea- 















Haunder'a Treaaory of Eiw*- 

jr, • Cbranolcwi, ■ L™ UlrtMnni 



KeilvBle, — A Bistorr of the 
Uedvale.— The Fall oftiwS*- 



Keilvale.— Hetnolirs of Cieeiei 

Brnnid Rudnlph lbtk,n7 EOIibI b^S' 



itory of the 01 

1 ^'"^•'O"", bi Ikr Iw 'M^ 



HontgDiiuTy.— Original Hymiii 




MBuaHEB HV L0NOM4N. BHOWN, i! 



Jatnei HDntsomerT's Poetiaal 

Haors.—Hui and Ms Kotivea. 
Koore.— The Power of the Eool 

PliV>'i'rf™?« " Pytt '•ndX»i«!i E^LII . 

Hoore.—Tlie Dae of the Body In 

Uoon. — Healtli, Dinue, and 

Moon.— Hemidrs, Jonnisl, and 

The Ftfth and Sixth Volumes 

CDSBKSraNDENCa, l^ll Pairlnju"!>/ 

Thonu Hoore's Foetieal Worki. 



Hdotc'e Iiiili Helodiei. Sew 



Hinre'a Irlih Helodies. lUns- 



The Originil Zdltlon of the 



Hoore'a lolls Bookh : An Ort- 



Horton.— A Hanoal ofPbumsoy 



HoBfllEy .— The UeehMiIcal Frin- 
Kon— A Orittcal History of 

On™ ■°BTw'ii.""">l"i..".' M J, "Si 

Vol. IV. eomprlalng Hfs- 
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NBW fTOESe U(D WW EDlXIOm 



Huiray'a EncTclepKdlft of Geo- 



The Complete Works of Blalu 



Vol.1. FsECaVa Frovhidil 



Neale. — BJaen tnm the 



Heale.— The Earthly Besting 
Heale.— The Olosliig Beenei or 



Hevman.— SUconrses addressed 

IS Kind (^rfi-Honi^f Joiw Hicsr 

LieDtenaat Oshoni's Arctic 



Vol. a. PucaVs ThmiBhli 

Vol. a. Pascal's Hiseelb- 

CaptaloPeel'a TraTcUiiiNnhia. 



Fecdxa's Treatise on road h£ 



Peschel's Elements of Pt^dei. 



Feterborongh. — A Hemi& of 



Oiren Jimei.— Florers and their 



li'ua^^i 

^"tu J™. Imp.. 

Dveh,— Lectimi on tiie Com- 

Ih>T>] Calkgi irf SDnsoni In 19«. H, 
BlCBBKIi OwDi, P.R.B. HmnrrflMb Prs- 
1e4W la tta CnllDia. Kn Bdlllun, tfDr- 
RGWd. Bfa-«ilt^Wi4dlEDBnTlDra^ 

ProftsMT Owen's Lectures on 

HI. W^th niiiaiiiii Woodcsli. Vol.1, 



FhilUps.-A.anide to Qoolag;. 

•n».l»lttlFI.IM. Vcp. Sn.pdnb. 

?hillipa's Elementary Inteo- 

HnimkigjUllHiJiilTarilb^gl CmMfa. 

Fhllllps.— ngnres tuidDeBcrlp- 






I LONGMAN. BHOWN. i) 



Captain FortlDck's Repent im 
Powei'B BketchM In New Zea- 



Pyciaft'a Conrac of Ensllsli 



Dr. BcflCB'a Hedlcal Gulden for 

CcnptuSn > ramliliii Unlm Diirnu- 



Ridi'B ninctiated Oompanlon 

Uiini Dl •iHir t^lUO □b'i°cti't^"'llii 

Sii J. Kichardioa'a Joniiul of 

Bleliudioii (Oaptatn)-— Hone- 






mddle's IHunond LaHn-Eng- 
Bivers's Rose- Amatenr'a Gnlds; 



Dr. E. Roblnion's Greek and 
Roby.— Remains, Legendary & 

Rogers.— Esstys selected from 
Dr. Roget's Theianina of Eng- 



Letters of EachMl Lady Roa- 
The XJ& of William Lord Ktu- 



NKW WOKKS AKD NEW BDITIOHB 



St. Jotm Itbe Hoii.F.t— Bamblea 



St, Jolia (H.'^-The Indian At- 

St John I J. A.1— There and 

St. -Jotm (}. iiJ-Tbe KemeaU 

Ur. St. Jatm'a Work on Egypt. 
Tlie Sainti ooi Example. By 



Solmiite.— Eiitorr or Qreece, 
A SchMlmuter'a BiBlcultiei at 



on ITU U 1710, ^1iUEdlH«i|3ial>! 



The Seimon on the Hoont. 



StIf-DenUl the PreparAtiaii £or 

■".'"■ Sf'l" Aulbo. of l,«h.,B..,; 

Sewell.— Amy Herbert. By 

^KraWonl. N» Emu™. »cp. k 
SewelL— The Earl's DsoghUr. 

Seirell.— Gertmde : A Tale. By 

SewelL— Loneton Paiaonace i A 

T.k^^or^Chlldrfn,^o. lb< p.c»™l Uu>l 

SewelL— Margaret Perciral, By 



The Esperience of Life, Hew 
Readlnffa for a Month Prepan- 

BeadJags for Every Ifcw Is 

^l : Oompiltd rroB Ibe Wiilblgi if 



Sharp's Kev Britiah i 



1 



V LONGMAN, BROWK, 



The lamily SliakipiAre ; Id 

h? i»d ^Diui. ' Br T. BDinilill, Kit- 



Short Whist 1 Its Bise, Pro- 

rrlhU«,BKlmmim™.llrMl)iirA'"-' 
fOrTj™. BrHn-B-"* »=».».=.».. 

SlDcUii.-^he Jaoney of Litb. 

Sinclair.— PopUh Logenda or 
Sir ftoger de Ooverley. Trom 



Bmee's Elements of Blectro- 
Smith's Sa«red Aiitiali.-4acKd 






Saored AhiuUj: Vol. I. The 
Sacred Asnala i Vol. H. The 



The WtsbB ef the Ber. STdney 

The Ber. Sydney Smith's Ele- 
The Lilb and Correapoiideiue of 
Sontbey'B Life of Wesley | sad 

Southey'e Oommanplace Books. 






Bobert Sonthey 'sOomplete Foet- 
Select Wotks of the British 
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NEW WORKS AND NEW EDITIONS 



Soathey's The Doctor etc Coxn- 

Ilete in OneVolame. Bdited hj the Rer. 
. W . Warter, B. D . With Portnat, Viff- 
nette, Buct, aud coloured Plate. New Edi- 
tion. Sqoarc crown 8yo. price 31«. 

Stephen.— Lectures on the His- 
tory of France { By the Right Hon. Sir 
Jambs Stephen, K.C.B., LL.D , Pro- 
feakor of Modem History iu the UniTersity 
of Cambridge. Second Edition, 2Toli.8ro. 
price •!*$. 

Stephen.— Essays in Ecclesias- 
tical Biography ; from the Ediubargh Re 
▼lew. By the Right Hon. Kir Jame* Stb- ' 
PHBN, K.C.B., LL.D. Third Edition. 3 volt. 

' 8to. 9i«. 

Steel's Shipmaster's Assistant, 

for the use uf Merchants, Owners and 
Masters of Ships, Utlicers of Customs, 
aud all Pertons connected with Shipping 
or Commerce ; containing the Law and 
Local Regulations affecting the Owner- 
ship, Charire, and Management of Ships 
and their Cargoes ; togctner with Notices 
of other Matters, and all necessarr Infor- 
mation for Mariners. New Edition, re- 
written, by G. WiLUaoRR. Esq., M.A., 
Barrister-at-Law; Q. Ciemknts, of the 
Customs^ London I and W.Tatb, Author 
of Tk€ lloigTH CamkUt, Sro. price 28>. 

Stonehenge. — The Greyhound: 

Being a Treatise on the Art of Breediiiif, 
Keanng, and Training Greyhounds for Pub- 
lic Rnuniiig: their Diseases and Treat- 
men : Containing also, Rules for the Ma- 
nagement of Coursing Meetings, and for 
the Decision of Courses. By 8ton£heno£, 
With numerous Portr^ts of Greyhounds, 
etc., engraved on Wood, and a Frontis- 
piece engraved on Steel. Square crown 
8to. price 3lt. 

Stow. — The Training System, 

the Moral Training School, and the Normal 
Seminary or College. By David Stow. Esq., 
Honorary Secretary to the Glasgow Normal 
Free Seminary. Ninth Edition : with Plates 
and Woodcuts. Post 8to. price 6«. 

Dr. Sutherland's Journal of a 

Voyage in Baffin's Bar and Barrow's 
Straits, in the Years 1860 and lR.<>l,per. 
formed by H. M. Ships Lady Franklin 
and Sophia, under the command of Mr. 
William Pennv, in search of the Missing 
Crews of H. M. Ships Errbut and Terror, 
with Charts and Illustrations. 2 vols, 
post 8to. price 27<. 

Swain.— English Melodies. By 

Charles Swain. Fcp. 8to. price 6s. cloth: 
bound in morocco, Us. 

Swa^n.— Letters of Laura D'Au- 

verne. By Charles Swain. Fcp.STo. 3«.6tf. 



Tate.-On the Strength of Ma* 

terials ; containing^ rariotta orlttlnaland use' 
fnl Kormnlse, apecimllj applied to Tabalir 
Bridges, Wronglit Iron and Cast Iroa 
Bearna, etc. Br TKOxiLs Tats, FJlJkit. 
8fO. price it.M. 

Taylor.— Loyola t and Jesuitism 

in lu Radiments. By I»aac Tatloe- 
Post 8to. with m Medallion, price lOt. 6d. 

Taylor.-Wesley and Methodism. 

By Isaac TATtoi. Poat Bvo. withaPw 
trait, price 10».M. 

ThirlwalL— The History of 

Greece. Br the Right Rct the Lou 
Bishop of St. David's (the Rer. Cobbos 
Thirlwall). An improved Library EditiOB ; 
with Maps. 8 vols. 8to. price ^£4. I6«. 

Also, an Edition in StoIb. fcp. 8T0.wUk 
Vignette Htlea, price SSi. 

Thomson (The Rev. W.)— An Out- 
line of the Laws of "nioaght i Beisr t 
Treatise on Pure and Applied Logic. Bt 
the Rev. W. Thomson, M.A. Fellow and 
Tutor of Queen's College, Oxford. ThW 
Edition, enlarged. Fcp. 8vo. price 7«. M. 

Thomson's Tables of Interest, 

at Three, Four, Four-and-a-half, aud Fm 
per Cent., from One Pound to Ten Thou- 
sand, and from 1 to 365 Daya. in a regvlir 
projnression of Single Days ; with Interest 
at all the above Rates, from One toTvelre 
Months.and from One to Ten Years. Also, 
numerous other Tables of F.zchanges, Time, 
aud l>iscouuts. New EdiUon. i2mo. 8i. 

Thomson's Seasons. Edited by 

Bolton Cornkt, Esq. Illu&trated with 
Seventy-seven fine Wood Enirravings from , 
Designs by Members of the EtchiiwClnb. 
Square crown 8vo. price 31s. cloth : or, 36i 
bound m morocco. 

ORiomton.— Zohrab 9 or, a Mid- 

Buinnier Day's Dream: Aud other Poems. 
®/ William Thomas Tborhtoii . Author 
of ila Buay on Ov^. Population, etc. Fcp. 
Svo. price 4s. 6d. 

Todd (Charles).— A Series of 

Tables of the Area and Circumference of 
Circles; the Soliditv and Superficies of 
Spheres; the Area and Length oftheDi■^- 
gonal of Squares; and the Specific GrarilT 
ot Bodies, etc.: To which is added, an Ex- 
planiitioii ol the Author's Method of Calra- 
latiiig these Tables. 1 ntended as a Facility 
to Engineers, Surveyors, Architects. Me- 
chanics, and Artisans in G«>neral. By 
Cba&lbs Todd, Kngiueer. The Second 
Edition, improved and extended. Post 8vu. 
price (is. 
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THE TBAVELLEBS LTBRABY, 

In coarse of Publication in Volamet at Half-a-Crown, and in Parts prie« One Sbilling each. 

Comprittiog boolcs of raluable information and aclcnowledged merit, in a form adapted for 
reading while Travelling, and also of a character that will render them worthj of preaerration. 

Vot. I. MACAULAY'S ESSAYS on WARREN HASTINGS and LORD CLIVE ., 'J 6 

II. ESSAYS on PITT & CHATHAM, RANKS & GLADSTONE S 6 

III. LAING'S RESIDENCE in NORWAY 3 6 

IV. PFEIFFER'S VOYAGE ROUND the WORLD 3 6 

V. EOTHEN, TRACES of TRAVEL from the EAST 3 6 

VI. MACAULAY'S ESSAYS on ADDISON, WALPOLE, and LORD BACON 3 6 

VII. HUC'S TRAVELS IN TARTARY, etc 3 6 

VIII. THOMAS HOLCROFTS MEMOIRS 3 6 

IX. WERNE'S AFRICAN WANDERINGS 3 6 

X. Mrs. JAMESON'S SKETCHES in CANADA 3 6 

XL JERRMANN'S PICTURES from ST. PETERSBURG 3 6 

XII. The R»r.G. R. GLEIG'S LEIPSIC CAMPAIGN 3 6 

XIII. HUGHES'S AUSTRALIAN COLONIES 3 6 

XIV. SIR EDWARD SEaWARD'S NARRATIVE 3 6 

XV. ALEXANDRE DUMAS' MEMOIRS of a MAITRE-D'ARMES 3 6 

XVI. OUR COAL-FIELDS and OUR COAL PITS 3 6 

XVII. M'CULLOCH'S LONDON and GIRONIF.RE'S PHILIPPINES 3 6 

iVIII. SIR ROGER DE COVERLEY and SOUTHKY'S LOVE STORY 3 6 

XIX. JEFFREY'S ESSAYS on SWIFT and RICHARDSON and 1 ^ ^ 

LORD CARLISLE'S LECTURES AND ADDRESSES j 

XX. HOPE'S BIBLE in BRITTANY and CHASE in BRITTANY 3 6 

XXI. THE ELECTRIC TELEGRAPH and NATURAL HISTORY of CREATION 2 6 

XXII. MEMOIR of DUKE of WELLINGTON and LIFE of MARSHAL TURENNE 3 6 

XXIIl. TURKEY and CHRISTENDOM and RANKE'S FERDINAND ) ^ ^ 6 

and MAXIMILIAN ;.., 



XXIV. FERGUSON'S SWISS MEN and SWISS MOUNTAINS and ) 
BARROW'S CONTINENTAL TOUR i 

XXV. SOUVESTRE'S WORKING MAN'S CONFESSIONS and 



3 6 
ATTIC PHILOSOPHER in PARIS 



1 



XXVI. MACAULAY'S ESSAYS on LORD BYRON, and the COMIC DRAMA- 1 j ^ 
TISTS and his SPEECHES on PARLIAMENTARY REFORM '.1831-32} ) 

XXVII. SHIRLEY BROOKS'S RUSSIANS of the SOUTH and ) 

Dr. KEMP'S INDICATIONS of INSTINCT ) 

XXVIII. LANMAN'S ADVENTURES In the WILDS of NORTH AMERICA 3 6 

XXIX. De CUSTINE'S RUSSIA, Abridged 8 6 



X4 IfEW WOXKS IHD NEW EDITlOHi. 

TJiB Thuml) Bible i or, Vnbain | Aluio WfttU's Iiyi 



TovuMnd.— TbeLlTCB afTwelve 
Townwnd.— Hodem State Tri- 
Shum TttRKr'a .Sttercd Hii~ 



Shuon Tarner'i mitory of En- 



Dr. Tnrton'sHaniuJ of the Land 



fir. XTre's fiietianur of Arts, 



J«-^"_5Ml™j™^S™,''™°r.'h bJ'Jj'r. 



Waterton.— Eawys on Natural 



Webster and Park 



UjIWo j 1I»---A UM.'lp. 



Lady WUlDozhbr's I 

loiMi), r.iDicd, „,'„„ 



Tonatt.— The Rorse. 

Tonatt.— The Dog. B3 
Zompt'i Larger Gn 
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